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  Color change during heating has a great influence not only on the quality but also on the safety of food 
products. However, it is difficult to control the color change during grilling properly as it involves four 
steps: (1) protein denaturation, (2) water evaporation, (3) browning reaction and (4) carbonization 
reaction, and there is a change in the sensory attributes of food associated with each step. The objective 
of this study is to analyze and estimate the surface color changes of fish during entire gr illing process 
and visualize the color formation through a two-dimensional (2D) simulation. All the reactions were 
modeled according to the color change intensity and did not directly involve chemical compounds.  
  In Chapter 2, the surface color change of fish during the beginning of grilling was estimated from the 
degree of protein denaturation. Color values were collected by a spectrophotometric color difference 
meter. Differential scanning calorimetry (DSC) measurements were performed to obtain informati on of 
protein thermal denaturation behaviors of fish muscle. Kinetics parameters for predic ting denaturation 
ratio were calculated by the DSC-Dynamic method. At the beginning of the grilling process, L* 
(lightness) values of red sea bream increased and tended to have two inflections. The non-denaturation 
degree of myosin and of actin were successfully predicted and effectively correlated with L* values 
changes. Empirical equations for estimating a* (red/green) and b* (blue/yellow) values were obtained 
and showed fairly good agreement with the measured color values.  
  In Chapter 3, the entire color distribution during browning reaction was acquired and investigated by a 
novel color measuring method, computer vision system (CVS), to save processing time and co st. 
Involving a digital camera, standard illuminants, and the computer software for data collection, CVS 
rendered continuous color measuring operation possible and can obtain the color distribution of entire 
surface effectively without destroying samples. Differences in browning color distribution on the surface 
layer of distinct fish species were investigated. Fish of high fat content tended to have homogen eous 
color formation while that of low fat content showed inhomogeneous distribution. 
  Color formation of grilled fish during carbonization reaction was also collected in Chapter 4. The 
distribution of L* values gradually moved towards lower values during the grilling process. Another new 
kinetics model was developed for the estimation of carbonization formation. The reduction in the L* 
value was calculated using the measured surface temperature and estimated kinetics parameters. 
Additionally, a* and b* values were calculated by empirical equations. The effect of temperatures on the 
color change of the sample surface was analyzed using the CVS, confirming that the darkening can be 
reduced by grilling at a low surface temperature.  
  In Chapter 5, a single temperature profile from the center of the surface of the samples was used to 
accurately simulate the temperature distribution of the entire surface.  Randomization and magnification 
noise functions were effectively used in the simulation of heterogeneous temperature distribution 
behavior. The surface color formation was previously predicted from temperature distribution by kinetic 
models. Finally, a 2D imaging model was developed for visual simulation of color formation on the 
surface of fish during entire grilling.  
  In conclusion, entire surface color changes were successfully estimated by developed models. It is the 
first research that involves entire grilling process including protein denaturation and carbonization 
reaction. Prediction and simulation of grilling process in this study can opt imize the quality of grilled 
fish, and at the same time, reduce grilling time and production losses. Kinetic parameters obtained in this 
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 From the fact that “we also eat with our eyes”, color of food surface is considered the first 
quality parameter evaluated by consumers. Color change during heating has a great influence 
not only on the quality but also on the safety of food products. Thus, it is necessary to 
determine the degree of cook for effective cooking, and to obtain grilled fishes with attractive 
colors.  
 However, it is difficult to control the color change during grilling properly as it involves 
four steps: (1) protein denaturation, (2) water evaporation, (3) browning reaction and (4) 
carbonization reaction, and there is a change in the sensory attributes of food associated with 
each step. Among them, the step of browning reaction has already been investigated. Kinetic 
models, influence of heating medium and fish species have been discussed in the some recent 
works. However, color changes during other steps, such as protein denaturation and 
carbonization reaction remains unclear. What’s more, since the fact that previous researches 
focused on the color change of a single measurement point, all-round distribution needs to be 
evaluated. Therefore, the objective of this study is to analyze and estimate the surface color 
changes of fish during entire grilling process and visualize the color formation through a 
two-dimensional (2D) simulation. All the reactions were modeled according to the color change 
intensity and did not directly involve chemical compounds. 
In Chapter 2, the degree of protein denaturation was used to estimate the surface color 
change of fish during the beginning of grilling. Experimental color values were collected by a 
spectrophotometric color difference meter. Differential scanning calorimetry (DSC) 
measurements were performed to obtain information of protein thermal denaturation behaviors 
of fish muscle. Their denaturation degree were compared and correlated with color changes 
during the first two minutes of grill processing for accurate color prediction. Empirical 
equations was obtained and used in this study for estimating chromatic components. 
In Chapter 3, a novel technology, computer vision system (CVS), was applied for the 
acquisition of entire color distribution to save processing time and cost. Involving a digital 
camera, standard illuminants, and the computer software for data collection, CVS rendered 
continuous color measuring operation possible and can obtain the color distribution of entire 
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surface effectively without destroying samples. In calibration, several camera settings were 
conducted to decide best shooting condition. Browning color formation of red sea bream and 
Japanese amberjack was obtained and compared. 
In Chapter 4, the effect of surface temperature on color changes during the beginning of 
the carbonization step was evaluated by using a kinetics model and CVS technique. Another 
new kinetics model was developed for the estimation of carbonization formation. The reduction 
in the lightness was calculated using the measured surface temperature and estimated kinetics 
parameters. Additionally, chromatic components were calculated by empirical equations.  
All these above studies have laid a foundation on kinetics models for color estimation. 
Besides, a 2D computer imaging model for browning color visualization has already been 
developed by a previous study. On these bases, Chapter 5 aims to use this 2D model to 
visualize the color formation on the upper surface of fish during browning and carbonization. A 
single temperature profile from the center of the upper surface of the samples was used to 
accurately simulate the entire upper surface temperature distribution by the following equation, 



























1.1 Grilling process of fish 
Grilling is the process of cooking using dry heat applied to the surface of food, commonly 
from above or below. Usually, grilling of fish involves an open wire grid where fish can be 
exposed to heat by thermal radiation. The history of grilled fish dates back to prehistoric times; 
in fact, grilling has been considered as a method of food preparation ever since humans first 
began to cook fish (Smith, 2013).  
There is a wide variety of categories in fish grilling. Considering heating appliances, 
numerous types can be listed such as fire roasting, cast iron cooking, baked casserole etc. 
Names of these dishes vary with addition of wheat or bread flour, seasoning and packaging 
materials. Besides, fish used in distinct dishes is also different from each other. Almost all of 
fish (salmon, catfish, tuna, red sea bream, tilapia, yellowtail, etc.) can be used as a material, and 
not only fresh fish or frozen fish, but salted fish, dried fish and smoked fish are involved in 
grilling process of fish. 
Therefore, grilled fish owns a great diversity in the varieties and has a long history in 
human’s food culture. However in recent years, due to the smoke and odor discharged in the 
cooking process and the social phenomenon of eating alone, grilled fish is rarely made at home 
especially among young people. Nevertheless, fish grilling is still a popular dish nowadays. 
According to an investigation by Nishide (2005), set meal of grilled fish is the most popular 
lunch among salaried men and indispensable to human’s daily life, which initiates the business 
chances in retail stores and raises the requirement of a large scale manufactures. 
 
1.2 Heat transfer and heating medium 
 For grilling processes in food industry, conduction, convective heat transfer as well as 
radiant heat transfer have been used widely. After comparing food cooked in a convective oven 
and a radiation oven, Sato et al. (1992) claimed that the heat transfer system did not directly 
affect the grilling of fish. However, the heat transfer system influences the surface temperatures 
of foods, and surface temperature differences affect the grilling process. Some heating methods 
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commonly used in food industry and daily life are introduced as follows: 
 
1.2.1 FIR heating 
(1) Infrared radiation 
Infrared rays are kind of invisible light that have the power to warm things. Owning a 
wavelength of 0.75~1000μm (Fig.1), they are not only applied in food cooking but heater and 
sauna. Among them, electromagnetic waves of 3 ~1000μm are defined as the “far infrared rays” 
(FIR) by Japan Far Infrared Rays Association, while the other part is named as “near infrared 
rays” and “mid infrared rays” (Sakai and Mao, 2006). The electromagnetic wave is absorbed by 
food and generates heat. FIR heating is widely utilized in food processing due to its superiority 
in terms of costs and the quality of the products as compared with conventional heating (Sakai 




 Fig. 1 Position of far infrared rays in electromagnetic waves. 
 
(2) Thermal Radiation 
All substances whose temperatures are above absolute zero (-273.15°C) discharge radiation 
energy, which transfers through atmosphere or vacuum in the form of electromagnetic wave and 
absorbed by heated objects. This type of heat transfer is called thermal radiation. As mentioned 
in (1) above, it is one of main kinds of heat transfer used in grilled fish. The basic laws can be 
explained as follows. 
X rays UV rays Visible  rays Infrared  rays Microwaves Radio  waves
Far  infrared  raysNear  infrared  rays
3 μm0.75 μm 1 mm
The Electromagnetic Spectrum of Solar Radiation
1.4 μm
Mid  infrared  rays
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An idealized physical body that absorbs all incident electromagnetic radiation, regardless 
of frequency or angle of incidence, is called black body. Radiation energy of it can be expressed 
by the following equation: 
𝐸 = 𝜎𝑇4                              (1-1) 
Where E is the radiation energy, 𝜎 is the Stefan-Boltzmann constant, and T represents the 
absolute temperature. However, actually, the energy released is less than this theoretical value 
as part of the infrared radiation is reflected or scattered (Fig.2).  
𝐸 = 𝜀𝜎𝑇4                              (1-2) 
Where 𝜀 is the emissivity. 𝜀 equals 1 when it is black body, while actual objects’ 𝜀 are 
less than 1. 𝜀 of most food varies from 0.8 to 0.9.  
 
        
 
 
Fig. 2 Absorption, transmission, and reflection of radiation (Krishnamurthy et al., 2008). 
 
1.2.2 SHS heating 
 Superheated steam (SHS) is referred to steam at a temperature that is higher than its 
vaporization point at the absolute pressure. Heating process by SHS involves three categories: 
radiation, conduction and convection. During the condensation of steam into water, heat of 
phase transition transfers to food surfaces. 
Recently, SHS heating has been widely used as a heat source in steam convection ovens in 
hotels, kitchens, and elsewhere. A steam convection oven features high reproducibility and can 







heating were compared by Hamada et al. (2006). They obtained better results with the former 
than with the latter; in particular, the samples were juicier in the former case and the grilling 
time was shorter. Ohishi and Shibukawa (2008) found that a cake baked in an SHS oven was 
darker than a cake baked in a steam-free convection oven, indicating a shorter baking time. 
They observed a considerable transfer of heat during the initial stage of heating in an SHS oven. 
 
1.2.3 Microwave heating 
Microwave cooking is neither dry nor a moist cooking technique but electromagnetic, for 
microwave is a kind of electromagnetic wave at frequencies between 300MHz and 300GHz 
(wavelengths between 1 m and 1 mm). As most food products contain water and varying 
amounts of dissolved salts such as sodium, potassium, and calm chlorides, the dipolar and ionic 
interactions in food material take place when irradiated under microwave (Buffler, 1992). Thus, 
collisions between particles of different charges or electrically asymmetrical water molecules 
occur with the billion times’ alternative electromagnetic field, and lead to temperature 
increasing (Buffler, 1992). 
Nowadays, more and more attention has been paid to use of microwave in cooking (Orsat 
et al., 2005). Recipes for microwave cooking have become available in many books and 
magazines, and containers and packages designed for microwave cooking can be found in 
supermarkets. New information and products related to microwave cooking continue to become 
available, while cooking is also one of the main industrial uses of microwave food processing 
(Datta et al., 1992; Leonellia and Mason, 2010; Vadivambal and Jayas, 2010). 
 
1.3 Chemical and physical changes during grilling of fish  
In general, chemical and physical changes taking place in grilling are considered to 
comprise four steps: (1) protein denaturation, (2) water evaporation, (3) browning reaction, and 
(4) carbonization reaction (Nakamura et al., 2011), and there is a change in the visual and flavor 
attributes of food associated with almost each step. 
Protein denaturation Heating provides fish muscle with acceptable texture through protein 
denaturation. The denaturation of proteins reduces the water-holding capacity of muscle, 
causing shrinkage of muscle fibers and thus a harder, more compact tissue texture (Harris and 
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Shorthose, 1988). Because excessive heating or overcooking spoils nutrients, color and other 
attributes of quality, the appropriate degree of heating for the grilling process should be 
determined. For this purpose, information on the heat denaturation kinetics of fish muscle is 
important for designing the heat treatment conditions to manufacture high-quality products. 
Thermal denaturation of muscle proteins such as myosin, sarcoplasmatic proteins plus collagen, 
and actin occurs at different temperatures (Bertram et al., 2006; Findlay et al., 1986; Gravier et al., 
2006). To describe the extent of denaturation during thermal processing, the temperature 
dependence of the denaturation reaction rate constant must be known. Moreover, it is important 
to identify the factors affecting the rate constant and its temperature dependence for the design 
and optimization of product quality.  
Thermal denaturation, which involves unfolding of protein molecules, is attributed to the 
rupture of intermolecular hydrogen bonds and is accompanied by uptake of heat, seen as an 
endothermic peak in the differential scanning calorimetry (DSC) curve. The denaturation 
temperature of each protein and its kinetics, obtained by the DSC method, have been previously 
reported (Bertola et al., 1994; Findlay et al., 1989; Hastings et al., 1985; Ishiwatari et al., 2013; 
Kajitani et al., 2011; Thorarinsdottir et al., 2002; Wagner and Anon, 1985). In DSC measurement, 
the denaturation temperature is a measure of the thermal stability of the protein, and the enthalpy 
value, calculated from the endothermic peak, is correlated with the net content of the ordered 
secondary structure of the protein. 
In addition, DSC has been used to study the thermal properties of fish muscle proteins and to 
measure the extent of denaturation under various processing conditions. Such studies have 
evaluated the thermal denaturation of hake myofibrillar proteins (Beas et al., 1990), the effect of 
processing and species variation on stability of muscle proteins (Hastings et al., 1985), kinetics of 
thermal denaturation of proteins in anchovy muscle (Llave, 2012), changes in protein fractions of 
rainbow trout gravads during production and storage (Michalczyk and Surowka, 2007), 
methodology of determining the ratio of myosin and actin in cuttlefish and squid (Mochizuki et 
al., 1995), applications of DSC to fish and fishery products (Schubring, 2009), kinetics of heat 
denaturation of proteins from Atlantic cod and their comparison to cook loss and loss in 
water-holding capacity (Skipnes et al., 2008), and the effects of salt-curing, drying and 
rehydration on muscle proteins during processing of salted cod (Thorarinsdottir et al., 2002). 
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Water evaporation As mentioned above, heating of fish causes the muscle protein to 
denature, resulting in a decrease in water holding capacity parallel with the shrinkage of protein 
network. Then channels and pores are formed, which induces a pressure gradient inside the 
meat muscle, and as a result excess water is expelled to the surface (Feyissa et al., 2013). If the 
energy supplied from the hot air is enough for evaporation, vaporization of a liquid will occur 
from the surface.  
Prediction of water evaporation caused by internal mass transfer during heating process is 
a necessary step towards incorporating expert-operator knowledge into tools for scaling up 
and/or for automated process control (Feyissa et al., 2013). Several works investigate the heat 
and moisture transfer in food systems through porous media. This includes extraction 
(Schwartzberg and Chao, 1982), drying, frying, microwave heating, roasting and rehydration 
(Datta, 2007). The relationship of a simple model to the detailed models, such as when using 
appropriate gas and liquid diffusion coefficient parameters, is discussed by Datta (Datta, 2007). 
An accurate mathematical model, describing heat and mass transfer in the processing of porous 
foods, was established by Feyissa et al., 2013. Temperature and moisture distributions in a 
convection-oven roasting process are predicted with the model and based on the experiment, no 
significant water content rise at the center during the grilling process.  
Browning reaction The non-enzymatic browning, a Maillard-type reaction, occurs at low 
levels of available water; therefore, it is common in dry cooking methods, such as grilling, in 
which the surface layer is dehydrated. Appropriate browning process helps remove excessive fat 
and to give the fish a brown color crust and flavor through various browning reactions. 
Inopportune operation, however, leads to consumer dissatisfaction.  
To quantify the development of browning components, several methods, including both 
color measurements and chemical analysis, have been applied in previous studies. Toribio and 
Lozano (1984) measured the visual color changes caused by non-enzymatic browning in apple 
juice at 5°C, 20°C and 37°C during 120 days storage. Purlis and Salvadori (2007) studied the 
relationship between the color of the surface of bread, weight loss of bread, and the oven 
temperature during baking in order to show that the development of the browning of the bread’s 
surface can be predicted. Pedreschi et al. (2006) investigated the relationship between the color 
of potato chips and the temperature of the oil used in deep-frying. The study reported a quick 
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color change when the potato chips were fried at a high temperature. Kong et al. (2007) 
valuated the quality of thermally processed salmon by heating salmon samples sealed in 
aluminum containers at constant temperatures to investigate color, heating time, heating 
temperature, weight loss, texture, and thiamine content. On the other hand, chemical analyses 
are also conducted by Lu et al. (2014) in which non-enzymatic browning taking place in krill 
oil was explained by reaction between α-dicarbonyl or carbonyl compounds with amino acids 
or ammonia. Perez-Locas and Yaylayan (2010) pointed out various chemical compounds such 
as antioxidant, antimutagenic properties and/or antibiotic potencies are formed during the 
non-enzymatic browning. The stability of foods increases when Maillard reactions occur due to 
the antioxidative action of Maillard reaction products (Namiki, 1988). 
Carbonization reaction Sustained heating of dry surfaces eventually results in carbonization, 
i.e., thermal conversion of organic materials to carbon (Lewis, 1982), and is usually accompanied 
by the generation of smoke. During heating, the surface of food first turns brown, following 
which the surface blackens as it burns (Rosenthal, 2003). One of the most obvious disadvantages 
associated with the carbonization of food is the loss in the nutritive value of the proteins in the 
food; moreover, food safety is compromised by the formation of mutagens such as heterocyclic 
amines (HCAs) in meat and fish. Mutagens are derived from the reactions of amino acids, 
carbohydrates, and creatinine, which are present only in animal food (Friedman, 1996). 
The increase in cooking temperature and time negatively affects the food’s appearance 
(Broyart et al., 1998; Hosseinpour et al., 2013); moreover, the HCAs generated and subsequently 
consumed in the diet have a profound negative effect on health (Knize et al., 1994; Skog et al., 
1997). The cooking temperature and time play a particularly important role during the grilling 
process, because at the end of the process, the surface temperature is mostly over 150 °C (Llave 
et al., 2014; Matsuda et al., 2013; Wang et al., 2011), thus increasing the risk of formation of 
HCAs with well-recognized carcinogenic effects in humans (Oz et al., 2007). Excessive heating 
promotes a series of chemical reactions in protein-rich foods such as fish; therefore, the entire 
grilling process should be controlled by selecting the optimal final grilling temperature based on 
the color and appearance of the grilled surface. Moreover, from the perspective of food safety, it 
is desirable to prevent the generation of HCAs. Therefore, to increase both food quality and 
safety, it is important to analyze color formation during the last step of the grilling process 
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(carbonization) in detail by experimental and mathematical modeling approaches.  
 
1.4 Color Evaluation 
1.4.1 Color spaces 
L*a*b*, RGB (red, green, blue), XYZ and CMYK (cyan, magenta, yellow, black) are four 
common color spaces selected to define and quantify color (Pedreschi et al., 2006). In contrast 
with other color spaces, L*a*b* color, which is the most complete color space specified by the 
International Commission on Illumination, is more approximate to human vision (Hunt, 1991). 
Whatever the device is, this color space tends to generate a consistent color. 
As is showed in Fig.3, L* is the component of lightness, ranging from 0 to 100. Parameters 
a* (negative values indicate green while positive values reflect red) and b* (negative values 
represent blue and positive values express yellow) are the two chromatic components (Papadakis 











1.4.2 Color measurement 
(1) Spectrophotometer 
One of the common color measuring methods is to use a light-sensitive measuring 
instrument, named Spectrophotometer. When light passes through a medium, part of the light is 
absorbed while part of it is reflected by the medium. Using a Spectrophotometer, a sensor 
makes contact with the food, and the color is determined on the basis of reflection of light from 
the sensor (Fig.4). With this method, Yan et al. (2008) measured the color of bananas in storage, 
and analyzed the relationship between the color and the temperature and humidity of the storage 
environment. Kaida et al. (1999) determined the optimum brown color for pan-fried beef fillet 
on the basis of the relationship between frying temperature and frying time. 
However, this color measuring method is disadvantaged in several points. Several authors 
such as Hutchings et al. (2002) claimed that colorimeters, using L*, a*, and b* color space, are 
inherently unsuitable for assessing the color distribution and color uniformity measurements of 
many whole foods. These instruments only provide average values of small areas of the sample, 
and therefore many locations must be measured to obtain a representative color profile 
(Mendoza et al., 2006) resulting their measurements not very representative in heterogeneous 
materials such as most food items (Papadakis et al., 2000; Segnini et al., 1999), which makes 
the measurements obtained quite unrepresentative and furthermore the global analysis of the 
food’s surface becomes more difficult (Mendoza and Aguilera, 2004; Papadakis et al., 2000; 
Segnini et al., 1999). Thus, those instruments can only provide average values, and would be 
rather difficult and time-consuming if they were used for point-by-point measurement at many 
locations to obtain color distribution (Yam and Papadakis, 2004), and hard to get the whole 
color distribution when the color on the surface varies from point to point as a result of fat and 
moisture content, surface shape, and others factors. Therefore, it is necessary to consider more 
practical modeling approaches to obtain the surface color distribution in real time to save 




Fig. 4 Diagrammatic representation of the image acquisition systems of color difference meter 
(Larraín et al., 2008). 
 
(2) CVS 
In this sense, computer vision system (CVS) technology, by which we get the image data 
with a digital camera, is employed in latest works for the acquisition of whole color 
distribution.  
CVS is a technology to obtain information or to control processes by acquiring and 
analyzing an image of a real scene by computers (Brosnan and Sun, 2004). Basically, this 
method involves a digital or video camera for image acquisition, standard settings illuminants, 
and computer software for data collection (Brosnan and Sun, 2004). Image processing and 
analysis is the key of this method to measure and assess the appearance quality accurately 
(Pedreschi et al., 2006).  
León et al. (2006) used 32 color charts in the CVS calibration process and applied 5 models 
for the conversion of RGB to L*a*b* color space, limiting the error to only 0.93%. Pedreschi et 
al. (2006) applied the developed CVS to measure the color of potato chips and investigated the 
relationship between the color of potato chips and the temperature of the oil used in deep-frying. 
This method has also been found effective in evaluating the color coordinates of beef, pre-sliced 
hams, shrimp, pork and chicken (Larraín et al., 2008; Valous et al., 2009; Hosseinpour et al., 
2013; Girolami et al., 2013). Curved surface of bananas and red pepper was also investigated 
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and L*a*b* systems is suggested as the best color space for quantification in food with curved 
surfaces (Mendoza et al., 2006). 
It has been reported to be suitable for acquirements and analyses the image of a real scene 
by computers for obtaining the information or controlling the processes (Brosnan and Sun, 
2004). Moreover, it has been documented more advantageous over the traditional techniques 
(Brosnan and Sun, 2004; Yam and Papadakis, 2004) because CVS is non-invasive, fast, 
inexpensive, and precise technique for measuring and modeling of foodstuffs’ color during 
processing (Hosseinpour et al., 2013).  
 
(3) Other methods 
 Colorimeter, which is inexpensive compared with spectrophotometric, is mainly used in 
production and inspection applications for color difference measurements and color chart 
measurement. With application of tristimulus method, colorimeter can measure light in 
approximately the same way as the human eye perceives light. Lehmann et al. (2010) compared 
four color-measuring devices (VITA Easyshade (A), VITA Easyshade compact (B), Degudent 
Shadepilot (C), X-Rite Shadevision (D)) and a spectrophotometric reference system under 
standardized test conditions. The former three methods are types of spectrophotometers while 
the last one, X-Rite Shadevision, is a type of colorimeter. It was found that devices C and D 
tended to be more accurate than devices A and B, which slightly differed from the results of 
spectrophotometric reference. 
 With the rapid development of color measurement method, projectors with different 
channels are used in the color measurement. Three-dimensional shape and color texture of 
moving objects were captured simultaneously by combining infrared channel and visible 
channel (Xu et al., 2014). What’s more, the hyperspectral imaging, which can collect and 
process information from across the electromagnetic spectrum, is also employed in the latest 
researches. Qiao et al. (2007) used hyperspectral imaging system for prediction of color values 
by extracting spatial and spectral characteristics simultaneously. Iqbal et al. (2014) developed 
this technique to evaluate and control the quality of ham. Wu et al. (2012) applied hyperspectral 
scattering techniques to estimate L*, a*, b* color values of 7 days aged beef samples. Besides, 
as a rapid and non-invasive technique, hyperspectral imaging can also be used to predict the 
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content of chemical compositions, color, pH, marbling level, tenderness, WHC and so on. 
However, this innovative technique still has problems in price and data processing method 
(Xiong et al., 2014). 
 
1.5 Studies on estimation of color changes in fish during grilling 
Color plays an important role in indicating how well food is cooked. Thus, if the changes in 
food color, as browning occurs during cooking, can be predicted and effectively modeled, 
appropriate cooking methods such as grilling can be improved. 
Developing a kinetic model of food color changes during cooking is an important 
challenge in food processing. If the rate and temperature dependence of a reaction are known, 
they can, in principle, be predicted and therefore controlled (Martins et al., 2001). In the 
browning of bakery products, the model suggested by Broyart et al. (1998) for the baking of 
crackers is widely used. They proposed a non-isothermal kinetics approach to modeling color 
development on the food surface during baking; in the model, the thermal history and moisture 
content are taken into account. With fish, however, obtaining the water activity (or moisture 
content) variation during grilling is complicated. Such measurements require the setting up of a 
destructive method for accurate sampling while the fish is still hot and deformable, and water 
losses by evaporation from cut surfaces must be minimized (Wagner et al., 2007; Purlis and 
Salvadori, 2009). Macagnano et al. (2005) developed a model to predict fish quality, including 
color, texture and electronic nose measurements. Onishi et al. (2011) evaluated the browning on 
the surface of baked bread using computer vision, numerical simulations and non-isothermal 
kinetics, and modeled the development of browning color formation. They did not consider 
weight loss as a factor in their model because they found a high correlation between weight loss 
and the CIE L* value only at the highest baking temperature, that is, within the temperature 
range where browning ends and initial carbonization begins. 
As mentioned above, estimations of color changes have been conducted in various cooking 
processes. Color compositions of fish during the grilling process, however, have scarcely been 
investigated in other studies yet. In previous works, the browning formation in fish during 
grilling was modeled according to the color change intensity and did not directly involve 
chemical compounds. First, browning of red sea bream according to the relationships among 
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color, sample surface temperature, and grilling time was analyzed. A model that enables the 
prediction of the L* value from the surface temperature history was proposed, and a* and b* 
values were estimated from empirical equations obtained using a near-infrared radiation (NIR) 
heating (Nakamura et al., 2011). Then, the browning of red sea bream grilled by FIR and SHS 
heating, besides NIR heating was analyzed. The results confirmed that the kinetic model, 
developed in the previous work, can be applied toward the browning formation of fish during 
the grill process independent of the heat transfer mode (Matsuda et al., 2013). Finally, the 
analysis of the differences in browning formation rate during grilling, at the surface layer of 
several fish species, considering their intrinsic chemical composition was conducted. As 
browning occurred, the trajectories of the color changes of samples followed almost the same 
pattern, except salmon, probably due to astaxanthin content. Samples with higher fat content 
browned faster, according to their higher frequency factor (k0) of the browning rate (Llave et al., 
2014).  
In all cases, however, color changes in the initial step and final step which related to protein 
denaturation and carbonization were neglected. Relation to sensory quality and safety raises the 




E                 radiation energy (W ∙ m-2) 
T                 temperature (K) 
L*                lightness (-) 
a*                red/green (-) 
b*                blue/yellow (-) 





𝜎                 Stefan-Boltzmann constant (5.67× 10-8 W ∙ m-2 ∙ K-4) 





Beas, V.E., Wagner, J.R., Crupkin, M., and Anon, M.C. (1990). Thermal denaturation of hake (Merluccius 
hubbsi) myofibrillar proteins. A differential scanning colorimetric and electrophoretic study. Journal of Food 
Science, 55(3), 683-687. 
Bertola, N.C., Bevilacqua, A.E., and Zaritzky, N.E. (1994). Heat treatment effect on texture changes and 
thermal denaturation of proteins in beef muscle. Journal of Food Processing Preservation, 18, 31-46. 
Bertram, H.C., Wu, Z., van der Berg, F., and Andersen, H.J. (2006). NMR relaxometry and differential 
scanning calorimetry during meat cooking. Meat Science, 74, 684-689. 
Brosnan, T., and Sun, D.W. (2004). Improving quality inspection of food products by computer vision - a 
review. Journal of Food Engineering, 61, 3-16. 
Broyart, B., Trystram, G., and Duquenoy, A. (1998). Predicting colour during cracker baking. Journal of 
Food Engineering, 35, 351-368. 
Buffler, C.R. (1992). Microwave cooking and processing: engineering fundamentals for food scientist. Van 
Nostrand Reinhold, New York, USA. 
Datta, A.K. (2007). Porous media approaches to studying simultaneous heat and mass transfer in food 
processes. I: Problem formulations. Journal of Food Engineering, 80 (1), 80-95. 
Datta, A.K., Prosetya, H., Hu, W. (1992). Mathematical modeling of batch heating of liquids in a microwave 
cavity. Journal of Microwave Power and Electromagnetic Energy, 27 (1),38-48. 
Feyissa, A.H., Gernaey, K.V., Adler-Nissen, J. (2013). 3D modelling of coupled mass and heat transfer of a 
convection-oven roasting process. Meat Science, 93(4), 810-820. 
Findlay, C.J., Parkin, K.L., and Stanley, D.W. (1989). Differential scanning calorimetry can determine 
kinetics of thermal denaturation of beef muscle proteins. Journal of Food Biochemistry, 10, 1-10. 
Findlay, C.J., Stanley, D.W., and Gullet, E.A. (1986). Thermomechanical properties of beef muscle. Meat 
Science, 22, 57-70. 
17 
 
Friedman, M. (1996). Food browning and its prevention: An Overview - Review. Journal of Agricultural and 
Food Chemistry, 44(3), 631-653. 
Girolami, A., Napolitano, F., Faraone, D., and Braghieri, A. (2013). Measurement of meat color using a 
computer vision system. Meat Science, 93(1), 111-118. 
Gravier, N., Pinotti, A., Califano, A., and Zaritzky, N. (2006). Diffusion of sodium chloride in pork tissue. 
Journal of Food Engineering, 77, 910-918. 
Hamada, S., Terazima, S., Hirayama, S., Wada, R., Ura, H., Nakamura, S. (2006). Comparison of the food 
chemical properties of fish meat roasted by superheated steam heating and propane-gas combustion heating. 
National Fisheries University Research Report, 55, 1-11. 
Harris, P.V., and Shorthose, W.R. (1988). Meat texture. In: Lawrie, R.A. (Ed.), Developments in Meat 
Science, vol. 4. Elsevier, pp. 245-296. 
Hastings, R.J., Rodger, G.W., Park, R., Mathews, A.D., and Anderson, E.M. (1985). Differential scanning 
calorimetry of fish muscle: the effect of processing and species variation. Journal of Food Science, 50(2), 
503-506. 
Hosseinpour, S., Rafiee, S., Mohtasebi, S.S., and Aghbashlo, M. (2013). Application of computer vision 
technique for on-line monitoring of shrimp color changes during drying. Journal of Food Engineering, 115, 
99-114. 
Hosseinpour, S., Rafiee, S., Mohtasebi, S.S., and Aghbashlo, M. (2013). Application of computer vision 
technique for on-line monitoring of shrimp color changes during drying. Journal of Food Engineering, 
115(1), 99-114. 
Hutchings, J.B., Luo, M.R., and Ji, W. (2002). Calibrated colour imaging analysis of food. In: “Colour in 
food: Improving quality” ed. by D.B. MacDougall. Woodhead Publishing, Cambridge, pp. 352-366. 
Iqbal, A., Sun, D.W., and Allen, P. (2014). An overview on principle, techniques and application of 




Ishiwatari, N., Fukuoka, M., and Sakai, N. (2013). Effect of protein denaturation degree on texture and water 
state of cooked meat. Journal of Food Engineering, 117, 361-369. 
Kaida, S., Tamagawa, M., and Shibukawa, S. (1999). Optimum heating conditions for pan-frying beef. 
Journal of Home Economics of Japan, 50, 147-154. 
Kajitani, S., Fukuoka, M., and Sakai. N. (2011). Kinetics of thermal denaturation of protein in cured pork 
meat. Japanese Journal of Food Engineering, 12(1), 19-26. 
Knize, M.G., Dolbeare, F.A., Carroll, K.L., Moore, D.H., and Felton, J.S. (1994). Effect of cooking time and 
temperature on the heterocyclic amine content of fried beef patties. Food and Chemical Toxicology, 32, 
595-603. 
Kong, F., Tang, J., Rasco, B., and Crapo, C. (2007). Kinetics of salmon quality changes during thermal 
processing, Journal of Food Engineering, 83, 510-520. 
Konica Minolta (1998). Precise color communication: Color control from perception to instrumentation. 
Osaka: Konica Minolta Sensing, Inc.. 
Krishnamurthy, K., Khurana, H.K., Soojin, J., Irudayaraj, J., and Demirci, A. (2008). Infrared heating in food 
processing: An overview. Comprehensive Reviews in Food Science and Food Safety, 7(1), 2-13. 
Larraín, R.E., Schaefer, D.M., and Reed, J.D. (2008). Use of digital images to estimate CIE color coordinates 
of beef, Food Research International, 41(4), 380-385. 
Larraín, R.E., Schaefer, D.M., and Reed, J.D. (2008). Use of digital images to estimate CIE color coordinates 
of beef. Food Research International, 41(4), 380-385. 
Lehmann, K.M., Igiel, C., Schmidtmann, I., and Scheller, H. (2010). Four color-measuring devices compared 
with a spectrophotometric reference system. Journal of Dentistry, 38, Supplement 2(0), e65-70. 
León, K., Mery, D., Pedreschi, F., and León, J. (2006). Color measurement in L*a*b* units fro    m RGB 
digital images. Food Research International, 39(10), 1084-1091. 
Leonellia, C., Mason, T.J., 2010. Microwave and ultrasonic processing: now a realistic option for industry. 
19 
 
Chemical Engineering and Processing. 49 (9), 885-900. 
Lewis, I.C. (1982). Chemistry of carbonization. Carbon, 20(6), 519-529. 
Llave, Y. (2012). Modelling of thermal processing of anchovy packed in retort pouch. Doctoral Thesis. Tokyo 
University of Marine Science and Technology, Japan. 
Llave, Y., Matsuda, H., Fukuoka, M., and Sakai, N. (2014). Comparison of browning colour formation on the 
surface of fish samples during grilling. Food Science and Technology Research, 20, 85-91. 
Lu, F.S.H., Bruheim, I., Haugsgjerd, B.O., and Jacobsen, C. (2014). Effect of temperature towards lipid 
oxidation and non-enzymatic browning reactions in krill oil upon storage, Food Chemistry, 157(15), 398-407. 
Macagnano, A., Careche, M., Herrero, A., Paolesse, R., Martinelli, E., Pennazza, G., Carmona, P., D’Amico, 
A., and Di Natale, C. (2005). A model to predict fish quality from instrumental features, Sensors and 
Actuators B: Chemical, 111-112, 293-298. 
Martins, S.I.F.S., Jongen, W.M.F., and van Boekel, M.A.J.S. (2001). A review of Maillard reaction in food 
and implications to kinetic modeling. Trends in Food Science & Technology, 11, 364-373. 
Matsuda, H., Llave, Y., Fukuoka, M., and Sakai, N. (2013). Color changes in fish during grilling-Influences 
of the heat transfer and heating medium on browning color. Journal of Food Engineering, 116, 130-137. 
Mendoza, F. and Aguilera, J.M. (2004). Application of image analysis for classification of ripening bananas. 
Journal of Food Science, 69, 471-477. 
Mendoza, F., Dejmek, P., and Aguilera, J.M. (2006). Calibrated color measurements of agricultural foods 
using image analysis. Postharvest Biology and Technology, 41, 285-295. 
Michalczyk, M., and Surowka, K. (2007). Changes in protein fractions of rainbow trout (Oncorhynchus 
mykiss) gravads during production and storage. Food Chemistry, 104, 1006-1013. 
Mochizuki, Y., Mizuno, H., Ogawa, H., and Iso, N. (1995). Trial determination of the ratio of myosin and 
actin in raw meat by differential scanning calorimetry. Fisheries Science, 61, 723-724. 
Nakamura, M., Mao, W., Fukuoka, M., and Sakai, N. (2011). Analysis of the color change in fish during the 
20 
 
grilling process. Food Science and Technology Research, 17 (6), 471-478. 
Namiki, M. (1988). Chemistry of Maillard Reactions: Recent Studies on the Browning Reaction Mechanism 
and the Development of Antioxidants and Mutagens, Advances in Food Research, 32, 115-184. 
Nishide, K. (2005). Grilling of fish and boiling of fish: production management and microbiological analysis 
on salmon and saury, Journal of Fishing Boat and System Engineering Association of Japan, 8,36-47. 
Ohishi, K., Shibukawa, S. (2008). Effect of superheated steam on the quality of baked sponge cakes. Journal 
of Japan Society of Home Economics, 41 (1), 18-25. 
Onishi, M., Inoue, M., Araki, T., Iwabuchi, M., and Sagawa, M. (2011). Characteristic coloring curve for 
white bread during baking. Bioscience, Biotechnology and Biochemistry, 75 (2), 255-260. 
Orsat, V., Raghavan, V., Meda, V. (2005). Microwave technology for food processing: an overview. In: 
Schubert, H., Regier, M. (Eds.), The Microwave Processing of Foods. CRC Press LLC, Florida, USA, pp. 
105-118. 
Oz, F., Kaban, G., and Kaya, M. (2007). Effects of cooking methods on the formation of heterocyclic 
aromatic amines of two different species trout. Food Chemistry, 104, 67-72. 
Papadakis, S.E., Abdul-Malek, S., Kamdem, R.E., and Yam, K.L. (2000). A versatile and inexpensive 
technique for measuring color of foods. Food Technology, 54, 48-51. 
Pedreschi, F., León, J., Mery, D., and Moyano, P. (2006). Development of a computer vision system to 
measure the color of potato chips, Food Research International, 39(10), 1092-1098. 
Perez-Locas, C., and Yaylayan, V.A. (2010). 3 - The Maillard reaction and food quality deterioration, 
Chemical Deterioration and Physical Instability of Food and Beverages, L.H. Skibsted, J. Risbo and M.L. 
Andersen (eds.), Woodhead Publishing, 70-94. 
Purlis, E., and Salvadori, V.O. (2007). Bread browning kinetics during baking, Journal of Food Engineering, 
80, 1107-1115. 
Purlis, E., and Salvadori, V.O. (2009). Modeling the browning of bread during baking. Food Research 
21 
 
International, 42, 865-870. 
Qiao, J., Wang, N., Ngadi, M., Gunenc, A., Monroy, M., Gariépy, C., and Prasher, S. (2007). Prediction of 
drip-loss, pH, and color for pork using a hyperspectral imaging technique, Meat Science, 76 (1), 1-8. 
Rosenthal, A.J. (2003). Cooking/Domestic techniques. Encyclopedia of Food Sciences and Nutrition (Second 
Edition), pp. 1622-1627. 
Sakai, N., and Mao, W.J. (2006). Infrared heating in ‘‘Thermal Food Processing’’ ed. by SUN. D.W., CRC 
Press, 493-525. 
Sakai, N., Hanzawa, T. (1994). Applications and advances in far-infrared heating in Japan, Trends in Food 
Science & Technology, 5(11), 357-362. 
Sato, H., Hatae, S., and Shimada, A. (1992). Effects of radiative characteristics of heaters on crust formation 
and coloring processes of food surface - case of constant electric power of heaters. Journal of the Japanese 
Society for Food Science and Technology, 42 (9), 643-648. 
Schubring, R. (2009). Differential scanning calorimetry. In: Fishery Products: Quality, safety and authenticity. 
H. Rehbein, J. Oehlenschläger (eds.), Wiley-Blackwell, Oxford, UK, pp. 173-213. 
Schwartzberg, H. G., and Chao, R. Y. (1982). Solute diﬀusivities in the leaching processes. Food Technology, 
36(2), 73-86. 
Segnini, S., Dejmek, P., and Öste, R. (1999). A low cost video technique for colour measurement of potato 
chips. LWT- Food Science and Technology, 32, 216-222. 
Skipnes, D., van der Plancken, I., van Loey, A., and Hendrickx, M.E. (2008). Kinetics of heat denaturation of 
proteins from farmed Atlantic cod (Gadus morhua). Journal of Food Engineering, 85, 51-58. 
Skog, K., Augustsson, K., Steineck, G., Stenberg, M., and Jagerstad, M. (1997). Polar and non-polar 
heterocyclic amines in cooked fish and meat products and their corresponding pan residues. Food and 
Chemical Toxicology, 35, 555-565. 
Thorarinsdottir, K.A., Arason, S., Geirsdottir, M., Bogason, S.G., and Kristbergsson, K. (2002). Changes in 
22 
 
myofibrillar proteins during processing of salted cod (Gadus morhua) as determined by electrophoresis and 
differential scanning calorimetry. Food Chemistry, 77(3), 377-385. 
Toribio, J.L., and Lozano, J.E. (1984). Nonenzymatic browning in apple juice concentrate during storage. 
Journal of Food Science, 49, 889-892. 
Vadivambal, R., Jayas, D.S., 2010. Non-uniform temperature distribution during microwave heating of food 
materials - a review. Food Bioprocess Technology, 3 (2), 161-171. 
Valous, N.A., Mendoza, F., Sun, D.W., and Allen, P. (2009). Colour calibration of a laboratory computer 
vision system for quality evaluation of pre-sliced hams. Meat Science, 81, 132-141. 
Wagner, J.R., and Anon, M.C. (1985). Denaturation kinetics of myofibrillar proteins in bovine muscle. 
Journal of Food Science, 50, 1547-1551. 
Wagner, M.J., Lucas, T., Le Ray, D., and Tristram, G. (2007). Water transport in bread during baking. Journal 
of Food Engineering, 78 (4), 1167-1173. 
Wang, H.Y., Qian, H., and Yao, W.R. (2011). Melanoidins produced by the Maillard reaction: Structure and 
biological activity - A review. Food Chemistry, 128, 573-584. 
Wu, J., Peng, Y., Li, Y., Wang, W., Chen, J., and Dhakal, S. (2012). Prediction of beef quality attributes using 
VIS/NIR hyperspectral scattering imaging technique. Journal of Food Engineering, 109(2), 267-273. 
Xiong, Z., Sun, D.W., Zeng, X.A., and Xie, A. (2014). Recent developments of hyperspectral imaging 
systems and their applications in detecting quality attributes of red meats: A review. Journal of Food 
Engineering, 132(0), 1-13. 
Xu, Y.J., Chen, C., Huang, S.J., and Zhang, Z.H. (2014). Simultaneously measuring 3D shape and colour 
texture of moving objects using IR and colour fringe projection techniques. Optics and Lasers in Engineering, 
61(0), 1-7. 
Yam, K.L. and Papadakis, S. (2004). A simple digital imaging method for measuring and analyzing color of 
food surfaces. Journal of Food Engineering, 61, 137-142. 
23 
 
Yan, Z.Y., Maria, J., Gallagher, S., and Fernanda, A.R.O. (2008). Mathematical modelling of the kinetic of 











































 Chapter 2 
 Color changes in fish surface during protein denaturation 
2.1 Introduction 
 Analysis of the color changes of fish during the grilling process is necessary to determine the 
degree of cooking required for effective cooking, and thus to obtain grilled fish with attractive 
colors. Color changes during grilling involve four steps: (1) protein denaturation, (2) water 
evaporation, (3) a browning reaction, and (4) a carbonization reaction (Nakamura et al., 2011). 
However, in spite of some recent works that reported on the color changes of fish during the 
browning reaction (Llave et al., 2014; Matsuda et al., 2013; Nakamura et al., 2011), the 
relationship between the progressive color changes during grilling and the progression of protein 
denaturation of the muscle, affected by the heat applied, at the beginning of the grilling process 
remains unclear. Therefore, this study aims to estimate the surface color changes of fish during 
the beginning of grilling from the degree of protein denaturation. DSC measurements were 
performed to obtain information on the thermal protein denaturation behavior of fish muscle, and 
the denaturation degree was compared and correlated with color changes during the beginning of 
the grilling process for accurate color prediction. 
 
2.2 Material and Methods 
2.2.1 Material 
Red sea bream (Pagrus major) was used for the samples in this study because it is a fish 
species commonly used for grilling. It was purchased from a fish market on the day of the 
experiment. The skin and bones were removed, and the ordinary muscle of the fillets was cut into 
4  5  2 cm pieces for all experiments. The samples were wrapped in wrapping film and 
refrigerated at 5ºC for no more than 30 min before use. 
 
2.2.2 Moisture and crude fat content 
The moisture and crude fat contents of fish samples were quantified. Sample pieces were 
ground with a mortar and pestle. Crude fat content was determined by the Bligh & Dyer method 
using a 10 g portion of the ground sample. Moisture content was determined on a wet basis by 
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drying a 5-g piece of the ground sample at 40°C to a constant weight by the gravimetric reduced 
pressure method at 0.09 MPa. The result was expressed as the mean value of at least five samples, 
excluding the maximum and minimum values. 
 
2.2.3 Experimental conditions 
A schematic diagram of the far-infrared (FIR) experimental apparatus used in this study, 
which was a manually assembled laboratory-scale oven, is shown in Fig. 1. The FIR heater (100 
V/750 W; electric ceramic plate heater PLC-328, Noritake Co., Aichi, Japan) was 12 × 12 cm. 
The infrared energy radiated downward from the heater. The samples were positioned 
approximately 8 cm below the heat source on an electronic balance. The radiation energy, 
measured by a radiation sensor (RF30 Captec, Villeneuve d’Ascq, France) at the same sample 




. Sampling of the grilled fish was conducted at prescribed times of 0, 
20, 30, 40, 60, 80, 100, 120, 240, 360, 480 and 600 s. 
  
 
1. Power supply-unit (100V). 2. Power controller. 3. Ammeter. 4. Voltmeter. 
5. Infrared heater. 6. Heater holder. 7. Electronic balance. 8. Sample  
Fig. 1 Experimental grilling apparatus of the FIR heater. 
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2.2.4 Temperature measurements 
The surface and center temperatures of the samples were measured using a K-type 
thermocouple (  0.5 mm). The heater temperature was also measured using a K-type 
thermocouple (  2.0 mm). A personal computer, a datalogger (Thermodac 5001A, Eto Denki 
Co., Tokyo, Japan), and software (Thermodac-E/Ef 2.6, Eto Denki Co.) were used to collect the 
temperature data.  
To justify the use of K-type thermocouples instead of IR sensors, recognized as a more 
robust device for surface temperature measurements, the accuracy of the surface temperature 
profiles collected using K-type thermocouples was verified by comparison with profiles 
collected with IR sensors, using SHS heating under the conditions described above, and in the 
temperature range 110-150°C. The surface temperature profiles were similar, with a variation of 
±0.5°C in the worst case. In the comparison of the whole profile, the mean of the absolute 
values of the relative error ( RE ) was 0.96%, with a standard deviation (SD RE ) of 0.49%. 
 
2.2.5 Measurement of color 
Changes in the color values of the fish surface were measured using the CIE L*, a*, and b* 
system at the same position as the surface temperature measurements using a spectrophotometric 
color difference meter (NF333, Nippon Denshoku Industries Co., Ltd., Tokyo, Japan). The L*, a*, 
and b* values were measured using a D65 light source with a viewing field angle of 2°. The color 
results are expressed as the mean value of at least 10 samples, excluding the maximum and 
minimum values. 
 
2.2.6 DSC measurements 
DSC permits direct measurement of the thermal denaturation enthalpies of muscle proteins. 
We purchased sliced fleshed fish to use in our tests. Fish samples of about 18 ± 0.26 mg each 
were placed in aluminum sample pans (KIT No. 0219-0041), and the pans were hermetically 
sealed. Then, the samples were heated from 25°C to 110°C at different rates of heating, which are 
indicated by β (β = 8, 10, 13, 15, 17, and 20°C min-1), and were measured using a DSC instrument 
(Pyris1 DSC, Perkin Elmer Inc., USA). An empty pan was used as a reference and a pre-heating 
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step was included at the beginning for temperature standardization for 1 minute at 25°C. After 
DSC analysis, the pans were punctured and the dry matter weight was determined by drying at 
105°C overnight. The maximum peak temperature (Tmax) and the residual denaturation enthalpy 
(ΔH) were determined from the DSC curve that was obtained for each run. Values of ΔH were 
calculated with Pyris software. Results represent the mean values of at least five experiments 
excluding the maximum and minimum values. 
 
2.2.7 Kinetics of thermal protein denaturation  
Although thermal denaturation of a protein is a complicated process involving more than one 
intermediate state of the protein molecule, a two-state model assuming native (N) and denatured 
(D) molecular states is often employed in the rate analysis for simplicity (Villota and Hawkes, 
2007): 
N → D                                              (1) 
We also employed this model to analyze the kinetics of thermal protein denaturation. If this 
reaction follows the first-order reaction kinetics, the change in the fraction of native molecules 





















                                 (2) 
where t is time, ki is the reaction rate constant, and subscript 1 and 2 represent myosin and actin, 
respectively. The rate constant ki is a function of temperature; thus, ki can be expressed at any 
time. Moreover, C i 0 and C i t are the concentration of non-denatured protein at the initial state and 
at time t. X i represents C i t/C i 0 as the non-denaturation ratio. 











Zk aiii                                    (3) 
where Z i is the pre-exponential factor, Eai the activation energy of denaturation, R the gas 
constant, and T the absolute temperature. To calculate the change in the thermal denaturation of 
fish protein during heating, it is necessary to obtain the kinetic parameters (Eai and Zi) during 
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non-isothermal conditions. The DSC dynamic method (Ozawa, 1970) was used for this purpose:    
       dtdT                                                                   
(4) 
where β is the heating rate. Thus, from Eqs. (2), (3) and (4) we derive: 















                                      (5) 
If the residual denaturation enthalpy of the protein is ΔHTi at the time when the temperature 













                                                 (6) 
Because the DSC curve expressed dtHd Ti /)(  as a function of T or t, the following 
condition holds at the maximum peak temperature of denaturation, Tmax,i: 












                                                   
(7) 
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Based on Eq. (8), we obtain: 












































































                           (9) 
The plot of   2max,/ln iT  vs. iTmax,/1  gives a straight line whose slope and intercept are 
used to determine Eai and Zi, respectively. This analysis method using non-isothermal heating 
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was employed by Findlay et al. (1986), Ishiwatari et al. (2013), Kajitani et al. (2011), Llave 
(2012), and Wagner and Anon (1985). 
 
2.3 Results and discussion 
2.3.1 Kinetic parameters obtained by the DSC dynamic method 
Fig. 2 shows a typical DSC thermogram for red sea bream muscle which had not been 
subjected to heat treatment prior to DSC measurement. It is characterized by two endothermic 
peaks. From the literature (Bertola et al., 1994; Findlay et al., 1989; Hastings et al., 1985; Skipnes 
et al., 2008; Thorarinsdottir et al., 2002; Wagner and Anon, 1985), the first peak corresponds to 
myosin and the second peak corresponds to the actin of fibrillary protein. In this work, we 
focused on the denaturation of both myosin and actin, which are the major components of 
myofibrillar protein, because they greatly influence the meat texture and water characteristics 
(Tornberg, 2005). The Tmax of denaturation assigned to both protein fractions as well as ΔH are 
shown in Table 1. When the heating rate was 10°C min
-1
, Tmax of each endothermic peak was 
47.2°C (peak I) and 74.0°C (peak II). These values were in good agreement with the values given 
previously in the literature (Llave, 2012; Michalczyk and Surowka, 2007; Mochizuki et al., 1995; 
Schubring, 2009; Skipnes et al., 2008). Moreover, as the heating rate of the scans increased, each 
Tmax,i shifted to a higher temperature. 
 Muscle samples were subjected to DSC measurement at different heating rates. The Tmax,i 
values obtained from the thermograms were analyzed on the basis of Eq. (9). Figure 3 shows a 
plot of   2max,/ln iT  vs. iTmax,/1  for myosin and actin. Each set of data with different heating 
rates lay approximately on a straight line. From the slope and intercept of each line, kinetic 
parameters Eai and Zi were determined as listed in Table 2. The values were similar to those given 
in the literature (Llave, 2012; Schubring, 2009; Skipnes et al., 2008). Because Eai and Zi were 
determined, each kinetic parameter of thermal protein denaturation at an arbitrary temperature 










. The first 
peak (I) corresponds to myosin and the second peak (II) to the actin of the fibrillary protein. 
 
 
Table 1.  DSC experiment results of protein denaturation peaks: onset, max peak, and end    
temperatures and residual denaturation enthalpy (ΔH) of red sea bream.  
 
 





















  ΔH (J g-1)a 
Peak 1  
(Myosin) 
8 40.9±0.07 46.9±0.01 49.5±0.08 3.28±0.37 
10 41.0±0.46 47.2±0.01 49.8±0.16 3.44±0.32 
13 41.7±0.59 47.9±0.14 51.0±0.20 3.58±0.35 
17 44.9±0.15 48.3±0.05 52.5±0.03 4.57±0.09 
20 45.0±0.53 48.5±0.21 53.2±0.07 4.24±0.13 
Peak 2 
(Actin) 
8 68.9±0.45 73.5±0.13 76.1±0.17 1.05±0.09 
10 70.1±0.16 74.0±0.01 77.0±0.63 0.93±0.06 
13 70.6±0.04 75.0±0.14 78.1±0.13 1.03±0.06 
17 71.8±0.21 76.0±0.17 80.3±0.11 1.01±0.07 
20 71.1±0.17 76.1±0.51 79.7±0.23 1.39±0.03 
 
a
Mean ± standard deviation of the temperatures and denaturation enthalpies (n = 5). 
 
 


























Fig. 3  Ozawa plots for the thermal denaturation of miofibrillar proteins according to the DSC 
dynamic method. The straight lines were used to obtain the activation energies and the 
pre-exponential factor of each protein by using the Eq. (9). Bars indicate the standard deviation 
from 5 determinations. 
 
Table 2.  Kinetics parameters, activation energies (Ea) and the pre-exponential factors (Z) of     
the reduction rate of protein denaturation of red sea bream obtained from the Ozawa plots under 
non-isothermal heating conditions using DSC. 
 





Myosin 454.83 7.45E+74 




2.3.2 Prediction of the protein denaturation profile during thermal heating 
Fig. 4 shows the calculated changes in the non-denaturation ratio during heating from 30°C 
to 85°C at a heating rate of 10°C min
-1
. We assumed that the temperature at which the 
non-denaturation ratio became 0.999 was the beginning of denaturation, and we defined 0.001 as 
the completion of denaturation. Myosin began to denature at around 35.1°C. Actin did not 















complete. When the time course of protein denaturation was differentiated with respect to time, 
the inflection point that corresponded to Tmax,i for the DSC measurements could be obtained. 
From the inflection point shown in Fig. 4, Tmax of myosin was determined as 47.2°C and that of 
actin as 74.0°C. Because these values were equal to the mean measured Tmax,i values of the DSC 
shown in Table 1 (47.2°C for myosin and 74.0°C for actin), we considered that the kinetic 
parameters determined using the DSC dynamic method were appropriate. 
 
 





. When the time course of protein denaturation was differentiated with time, the 
inflection protein which corresponding to the peak temperature (Tmax) in DSC measurement 
could be obtained.  
 
2.3.3 Surface color changes of fish sample 
Fig. 5 shows the color changes in red sea bream during FIR grilling. Samples of similar 
sizes and weights were used for this experiment. Thus, the color changes at different 
time-temperature steps were observed by digital photographs. Dima et al. (2012), Hatae and 
Kasai (2003), and Skipnes et al. (2008) claimed that protein denaturation causes the color of 
fish muscle to become whiter at the beginning of the heating process. Similar color changes 











































spots appear on the surface as the carbonization reaction begins, defining the end of the grilling 
process. Similar results were found using FIR heating for the observed color changes during the 
proper browning formation by Matsuda et al. (2013) for red sea bream, and by Llave et al. 
(2013) for red sea bream besides Japanese amberjack and Japanese Spanish mackerel. 
Moreover, similar results were also reported using other heating systems such as near-infrared 
heating and super heated steam heating, by Nakamura et al. (2011) and Matsuda et al. (2013) 
respectively, besides the color changes during drying of shrimp reported by Hosseinpour et al. 
(2013). In our previous work (Llave et al., 2013) we explained the effect of the chemical 
composition of the fish species on the browning color formation during grilling. In the present 
study, we obtained similar results concerning fat content (2.03 ± 0.05%) and moisture content 
(77.2 ± 0.3%) of the fish muscle, and the heterogeneous browning color formation of red sea 
bream (Fig. 5) was also observed. 
Fig. 6 shows a typical time-surface temperature profile, as an example for explanation, 
together with a measured L* value profile of red sea bream grilled using FIR. This typical 
profile was reported in previous papers (Llave et al., 2013; Matsuda et al., 2013; Nakamura et 
al., 2011). The figure shows two main steps during the grilling process of red sea bream. In the 
first step, L*m increased (hereafter, L*m,up) where the fish surface was whiter and brighter as a 
result of protein denaturation up to 95°C; 95°C was also the point at which L*m,up peaked. 
Above that temperature the second step began and L*m decreased gradually (hereafter, L*m,down) 
as water evaporated. At the same time, the fish surface became brown as a result of the 
browning reaction. Finally, when the surface temperature approached 150ºC, the samples began 
to darken, and L*m,down was approximately 30. This was considered to be the starting point of 
the carbonization reaction. Above this point, L*m,down decreased as the surface temperature 
continued to rise. Similar results were found by Kong et al. (2007), who reported that during the 
heating of salmon the muscle color underwent a two-phase change: a rapid whitening phase 
followed by a slow browning phase.   
Here we analyze the color changes in the first step during grilling where protein 
denaturation occurs and lightness increases (L*up), before the browning color formation. To 
analyze the color changes during the beginning of grilling by FIR heating, each sample was 
grilled from its raw state for two minutes, during which time the surface temperature reached 
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approximately 86.5°C (Fig. 7). The muscle appearance became whiter and brighter as the 
surface temperature rose. We also observed that the color profile of L*m,up showed a similar 
shape as the surface temperature profile with two inflections of the profile lines, at the 
temperature range where the total denaturation of myosin and actin protein occurs, as explained 
above. The color values of b*m,up slightly increased as the heating proceeded, but there were no 
significant differences (by one-way ANOVA, p > 0.05) in the color values of a*m,up, showing 
similar colors in the negative range (green range). Niwa (1992) claimed that as the temperature 
is elevated during cooking, as in grilling, further oxidation of sulfhydryl groups and 
accompanying disulfide bonding is induced. The α-helix unfolds due to the instability of 
hydrogen bonds, exposing greater numbers of hydrophobic amino acids, which results in more 
extensive hydrophobic “bonding” between molecules. Thus, a rapid unfolding of proteins 
(protein denaturation) occurs and results in an intense coagulation. The coagulation of proteins 
results in a release of water. Thus, the resulting fish muscle is quite white and opaque in 
appearance. This unfolding phenomenon of proteins can explain the initial increment of the 
measured L* values, and was confirmed since during the first two minutes of grilling process, 
the myosin and actin proteins got completely denaturized at 52.0°C and 83.8°C, respectively at 
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Fig. 5 Surface color and temperature changes of samples during far-infrared (FIR) grilling, at 































Fig. 6 Typical surface time-temperature profile of red sea bream, in grey dashed line, and the 
L*m profile, in black dots, during far-infrared (FIR) grilling. 
 
Fig. 7 Measured values of surface color changes during the beginning of far-infrared (FIR) 
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2.3.4 Prediction of surface color changes during the protein denaturation  
Since the protein denaturation reaction occurs from the beginning of the grilling process, the 
changes in color during the first step of grilling at temperatures below 90ºC could be explained by 
the denaturation degree of the myofibrillar proteins of the red sea bream during the first two 
minutes of heating. This was analyzed by calculating the thermal denaturation kinetics of each 
protein at an arbitrary time and temperature. This quantitative evaluation of the thermal degree 
of denaturation at the macroscopic level was conducted as suggested by Ishiwatari et al. (2013). 
Thus, we represented the total non-denaturation ratio, Xtot, by:  
2211 XpXpX tot                                                          (10) 
where 1p  and 2p  are the fractions of myosin and actin, respectively, and 1X  and 2X  are the 
non-denaturation ratios of myosin and actin, respectively. The fractions of myosin and actin were 
estimated from the endothermic enthalpy observed by DSC. This method was reported 
previously by Mochizuki et al. (1995). Using the area of each endothermic peak and the dry 
matter weight of each DSC sample, individual ΔH values can be calculated. As an example, at a 
heating rate of 10°C min
-1
 (Table 1), the mean and standard deviation of the calculated ΔH of 
myosin was 3.44 ± 0.32 (J g
-1
) and that of actin was 0.93 ± 0.06 (J g
-1
). 
A variation in the determination of the total non-denaturation ratio, as explained above, was 
introduced by estimating color changes of fish muscle during protein denaturation (L*c,up), or 



















                                (11) 
where c1 and c2 are the contribution of myosin and actin to color changes, respectively, and 
subscripts 0 and M represent the initial and maximum values, respectively. 
 From the DSC results, a myosin protein fraction of p1 = 0.78 and an actin protein fraction of 
p2 = 0.22 were calculated from their respective ΔH (Table 1). These fractions were almost the 
same as the protein fractions regardless of the heating rate. Figure 8 shows the simulated changes 
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of the total non-denaturation ratio (XLup) affected by the contribution of myosin and actin, using 
contribution values ranging from 0.1 to 0.9, obtained with the second part of Eq. (11). They are 
presented together with the total non-denaturation ratio profile (XLup) calculated from the color 
changes, at the same time step, using the first part of Eq. (11). From these results, the simulated 
total non-denaturation ratio profile that better fitted the profile estimated using the color changes 
was the one calculated with appropriate contributions of myosin and actin, c1 = 0.70, and c2 = 
0.30, respectively. With these protein contributions, as an example for comparison, grilling for 20 
and 80 s yielded XLup values of 0.949 and 0.099, respectively. At same time step, Xtot values of 
0.944 and 0.073 were obtained. Therefore, the results confirmed that color changes can be 
estimated using appropriate contributions of the denaturation degree of myosin and actin. The 
composition ratio of myosin and actin calculated from their contribution to color changes was 
about 2.33:1. This ratio was in accordance with published data that was quantified using a 
chromatographic method (Lawrence et al., 1983; Zarkadas et al., 1988), the ratio of 2.2:1 
reported by Ishiwatari et al. (2013) for the case of cooked meat using DSC, and the ratio of 2.9:1 
reported by Mochizuki et al. (1995) for the case of cuttlefish and squid determined also by DSC. 
 Data before browning reaction (at temperatures below 90ºC) are plotted in Fig. 9 to compare 
the trajectory of color changes as grilling induces protein denaturation. Two-dimensional 
projection drawings of the a*m,up-L*m,up, b*m,up-L*m,up, and b*m,up-a*m,up planes are shown in 
these figures, and the correlations of the measured color values are plotted together with the 
calculated color values, shown as solid black lines. According to the results shown in Fig. 8, the 
kinetic parameters and the appropriate combination of protein fractions (0.70 and 0.30), the color 
change of lightness, L*c,up, was predicted. To estimate the a*c,up and b*c,up values, the following 
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upcupcupcupc LLLb             
                              at 37 < L*c,up < 82              (13)
 Figure 9 shows that the calculated values agree well with the measured data, even though 
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they were estimated using the correlation with protein denaturation degree described above. Thus, 
as the value of L*c,up increases, the a*c,up and b*c,up values change simultaneously in accordance 
with Eqs. (12) and (13), respectively. The relationship between the measured values of b*m,up and 
a*m,up (solid line in Fig. 9C) confirms the results presented in Fig. 9A and B. Figure 10 presents 
the measured data of Fig. 7 together with the calculated values (L*c,up, a*c,up, and b*c,up), at the 
beginning of the grilling process. The mean values of L*m,up, a*m,up, and b*m,up and the calculated 





























myosin actin Experiment value myosin*0.1+actin*0.9
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Fig. 8 Simulated changes of total non-denaturatio ratio profiles (XLup), affected by the       
contribution of both proteins myosin and actin, and the estimated by the color changes in black 















































a*m,up [-]  
Fig. 9 The relationships between a*m,up-L*m,up (A), b*m,up-L*m,up (B), and b*m,up-a*m,up (C). 







Fig. 10 Prediction of the color formation of red sea bream at the beginning of grilling process 




 It is necessary to predict the grilling process based on the color of the surface muscle of 
fish during grilling. Two different reactions were identified during the grilling process, a first 
step characterized by surface color changes of the samples as thermal protein denaturation 
occurs and a second step characterized by a proper browning color formation as the browning 
reaction (Maillard type reaction) proceeds. However, the first step of the grilling process, 
namely the protein denaturation step, was not evaluated in past studies on predicting grilling in 
order to obtain grilled fish of attractive colors. The present study therefore analyzed the 
denaturation ratio of the proteins in red sea bream muscle and the color changes at the 
beginning of grilling. Color changes at the beginning of the grilling process were successfully 
predicted by the contribution of protein denaturation. The following conclusions were obtained. 
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by the complete denaturation of myosin and actin protein at the surface, affected by the 
heat applied.  
2. The denaturation degree of myosin and of actin were successfully predicted and effectively 
correlated with surface color changes of samples in the denaturation temperature range of 
the proteins.  
3. Calculated L*c,up values were obtained using the non-denaturation ratio of 2.33:1 estimated 
with the appropriate contributions of myosin and actin proteins (0.70 and 0.30, 
respectively). They showed good agreement with the measured values. 
4. Empirical equations for estimating a*c,up and b*c,up values were obtained and showed fairly 
good agreement with the measured color values. 
 
2.5 Nomenclature 
 Latin letters 
a*  fish surface color position on red/green axis (-) 
 b*  fish surface color position on blue/yellow axis (-) 
 c  contribution of protein to color change (-) 
 C  concentration of non-denatured protein (mol/g-meat) 
 Ea  activation energy (kJ ∙ mol
-1
) 
 k   rate constant of reaction (min
-1
) 
 L*  fish surface color lightness (-) 
 p  fraction of protein (-) 
 R  molar gas constant (J ∙ K-1 ∙ mol-1) 
 t  grilling time (s) 
 T  surface temperature (°C) 
 Tmax  maximum peak temperature (°C) 
 X  non-denaturation ratio (-) 
 XL  total non-denaturation ratio according to color changes (-) 
 Xtot  total non-denaturation ratio according to DSC (-) 







 β   heating rate (C ∙ min-1) 
Subscripts 
 0  initial 
 1  myosin 
 2  actin 
 b  during browning color formation 
 c  calculated 
 m  measured 
 M  maximum 
 up  step characterized by an increase in L* value 
 tot   total 
down step characterized by a decrease in L* value 
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 Chapter 3  
Browning color distribution on surface of fish samples 
3.1 Introduction 
In previous studies, surface color changes during browning reaction were investigated 
based on the measured values by a spectrophotometric color difference meter (Nakamura et al., 
2011; Matsuda et al., 2013; Llave et al., 2014a). Chapter 2 also successfully used this 
apparatus to measure the surface color and estimated color changes during protein denaturation. 
When using a spectrophotometric color difference meter, a sensor got contact with the fish, and 
average color values (with a diameter of 8 mm) of a single point on the surface were 
determined by the reflection of light from the sensor. In order to obtain the color changes 
during the grilling process, samples were taken from the heating apparatus at specified time and 
a new one, which is supposed to be under the same condition as the former ones, was grilled 
from the initial raw state to the next time point. Although this color measuring method enjoys a 
high degree of accuracy, inevitable destruction of samples leads to repetitive operation and 
therefore, ineffective when measuring color changes of one sample at different time points 
continuously. Besides, since spectrophotometric color difference meter provides only a single 
point on the sample, comprehensive analysis of the fish’s surface becomes more difficult. 
On combination of these circumstances, a novel technology, computer vision system 
(CVS), was applied for the acquisition of entire color distribution to save processing time and 
cost. Involving a digital camera for image acquisition, standard settings illuminants, and the 
computer software for data collection, CVS rendered continuous color measuring operation 
possible and can obtain the color distribution of entire surface effectively without destroying 
samples. This part of research focuses on application of CVS for grilling apparatus and 
investigation of the differences in browning color distribution on the surface layer of distinct 
fish species.  
 
3.2 Material and Methods 
3.2.1 Material 
 Red sea bream (Pagrus major) and Japanese amberjack (Seriola quinqueradiata) were cut 
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into 4  5  2 cm3 for all experiments. They were prepared in the same condition as the samples 
used in Chapter 2.  
 
3.2.2 Experimental conditions  
 Grilling apparatus A schematic diagram of the far-infrared (FIR) experimental apparatus 
(GNU-31; Nichiwa Electric Co., Ltd., Japan) is shown in Fig. 1. The infrared energy was 
incident on the sample from above by 3.0 kW heaters (three U-tube-type heaters). The samples 
were positioned approximately 29 cm below the heat source on the sample holder.  
 Lighting system The samples were illuminated using two parallel lamp 
(FL20S.D-EDL-D65, natural daylight, 21W, Toshiba Lighting and Technology, Japan) with a 
color temperature of 6500 K (D65, a standard light source commonly used in food research) 
and a color-rendering index (Ra) close to 95%. The lamp (60 cm long) was situated on both 




Fig. 1 Front and lateral view of the experimental grilling apparatus. Fluorescents were on both 
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3.2.3 Image acquisition and pre-processing 
 Settings of digital camera A color digital camera (CDC, D5100, Nikon, Japan) was used to 
take pictures in this study. The CDC was placed at a distance of 44 cm in the horizontal direction 
and just in front of the samples (Fig. 1). Shooting angle of the camera lens was 38. The 
following camera settings were tested: a manual mode with the lens aperture, f, of 4.5, 5.0, and 
6.0; shutter speed of 1/125, 1/100, 1/80, and 1/40; a 32 mm of zoom; no flash; an intermediate 
resolution of the CDC (2464  1632) pixels; and the storage were in the JPEG format. White 
balance of the camera was set using the same white reference as the CDM.   
 Application of polarizing filters Especially, we used polarizing filter (WIDE BAND 
C-PL (W), 67 mm, Kenko, Japan) during the shooting. We know that during grilling, liquid 
such as oil and water will be exuded from the surface and thus disturb color collection. Placed 
in front of a camera lens, polarizing filter is something that can decrease the influence of light 
reflection. Rotation angle of polarizing filter was 90 °. 
 Image processing The pre-processing of full images was conducted using Adobe Image 
Ready CS and Adobe Photoshop CS (version 8.0.1). Interest regions (surface of fish and a small 
part of background) were segmented at the same size and same location of each picture to 
minimize the processing time. Then background was selected and filled with black. PopImaging 
software (3.7 Digital being kids Co. Ltd., Yokohama, Japan) was employed to extract RGB 
values of each area from the segmented pictures. Results were showed in a binary excel format, 
where “0” (black) and the other values indicate background and object, respectively. Therefore, 
from this binary image, the localization of the interest region can easily be determined, allowing 
us to extract the true color values of samples from the original images. 
 
3.2.4 Transformation system of RGB to L*a*b* 
 The IEC 61966-2-1 (1999) equations that define the transformation from floating point 
nonlinear RGB values to CIE XYZ in two steps were used in the same manner as reported by 
Mendoza et al. (2006) and Larraín et al. (2008): 
(i) The nonlinear RGB values are transformed to linear sRGB values by 
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(ii) Then, using the recommended coefficients by the Rec. ITU-R BT.709-5 (2002), the sRGB 
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 In the RGB encoding process, the power function with a gamma factor of 2.4 includes a 
slight black-level offset to allow for the invertibility in integer math, which closely fits a 
straightforward gamma 2.2 curve. Therefore, consistency was maintained using the gamma 2.2 
legacy images and the video industry (Mendoza et al., 2006). Also, the sRGB tristimulus values 
<0.0 or >1.0 were rounded up to 0.0 and 1.0, respectively. 
 In food research, color is often represented using the L*a*b* color space, which is more 
close to the color range of human eye. The definition of L*a*b* is based on the intermediate 
system, CIE XYZ, which simulates the human perception (Rec. ITU-R BT. 709-5, 2002) and 
may be converted from the RGB, as shown in Eq. (11). Thus, L*a*b* is defined as follows: 
 












































































qf    
otherwise
qif 008856.0
     (7) 
  
 Xn, Yn, and Zn are the tristimulus values of the perfect diffuse white surface (Xn, Yn, and 
Zn) = (95.043, 100.000, and 108.879, respectively) for the standard illuminant, D65. 
                                 
3.2.5 Calibration of the CVS 
 In order to calibrate the digital color system, color readings were obtained from 16 color 
tiles with different hues, corresponding to the possible warm-toned color shown by the grilled 
fish meat, as showed in Fig. 2. Color of these color tiles were obtained near the center of each 
square at five equidistant points using a spectrophotometric color difference meter (CDM, 
NF333, Nippon Denshoku Industries Co., Ltd., Tokyo, Japan) with D65 of light source and a 
view field angle of 2°. Similarly, the L*a*b* values of each tile sheet were measured using the 
CVS to obtain the RGB values. The comparison of the color results between the CVS and 
CDM measurements using the same white reference allowed the characterization of the 
obtained images and confirmation of the suitability of the standard sRGB for the calibration of 






Fig. 2 16 color tiles used in the calibration. 
 
3.2.6 Application of CVS in color measurements  
 With the most appropriate setup of camera in calibration, pictures of the red sea bream and 
Japanese amberjack were taken every 1 min. Surface of fish in each image, apart from a small 
portion of the edge, was then segmented using Adobe software while other areas was replaced by 
black. The methods introduced in 1.2.3 and 1.2.4 were employed to get the L*, a* and b* 
distributions. 
  
3.3 Results and discussion 
3.3.1 Calibration of the CVS 
 Pictures taken with and without polarizing filter are showed in Fig. 3. Fixed in front of 
camera lens, the polarizing filter filtered out fluorescent light which has been directly reflected 
toward the camera at specific angles. It is obvious that picture with polarizing filter can 
effectively minimize the influence of reflection and enhance certain colors on the surface. 
Similar results were found by Sun (2011) when estimating the anthocyanin distribution of 
strawberries. Manna (2005) indicated that usage of polarizing filter is advisable in digital food 
photography. 
 It is believed that different camera setting or shooting angle may influence the L*a*b* values. 
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Therefore, the objective of calibration is to find the best shooting condition in a certain 
environment. In this study, the lens aperture, f, of 4.5, 5.0, and 6.0, and shutter speed of 1/125, 
1/100, 1/80, and 1/40 were tested to find the best agreement between color values obtained by 
CVS and CDM. By the transformation of color space mentioned above, L*a*b* values were 
extracted from each picture and at the same time, the corresponding L*a*b* values measured 
using CDM on the tile pattern color sheets. The slower the shutter speed was, the larger the L* 
values became. In contrast, lens aperture affected not only L* values, but a* and b* values. As a 
result, an f of 5.6 and a shutter speed of 1/40 were observed as the optimal values (Fig. 4). L* 
values get closest to the comparison line which get by a line across (0, 0) and (100, 100) with an 
inclination angle of 45°. The results clearly show a linear relationship obtained with a reasonable 
fit between the L*a*b* values estimated by the CVS and those obtained using CDM, with a 
variance of R
2







































Fig. 4 Comparison of L* (A), a* (B) and b* (C) values obtained by CVS and CDM of the tile 
















































3.3.2 CVS analysis during grilling  
 During FIR grilling process, entire surface color changes were measured using the optimal 
shooting condition obtained in calibration every 1 min. Fig. 5 shows the central surface of red 
sea bream and Japanese amberjack at 0, 5, 10, 15, 20, 25 and 30 min. Size of the segmented 
pictures was determined by the surface area of terminal picture in grilling process, which is the 
smallest due to the shrinkage. Pictures investigated in this part of study was about 3  2 cm2 in 
the central surface. Width of the picture seemed to be shorter than actual object because of 
perspective. Fish muscle became whiter at the beginning of the grilling process, and then turned 
brown after 5 min. Different color formation was observed in these two species. Browning 
reaction of Japanese amberjack was significantly faster than red sea bream. Besides, Japanese 
amberjack exhibited more homogenous color formation on its surface; in contrast, black spots 
were observed on the surface of red sea bream. 
 Fig.6 shows the distribution of L* values extracted from pictures in Fig. 5. Distribution of 
red sea bream has a peak in the range of 70-80 at initial time. During the grilling process, L* 
values made a reduction and showed a wide range of color distribution especially at 15, 20, and 
25 min. In contrast, Japanese amberjack almost had a sharp peak at any moment, which means 
surface distribution of it was homogenous. The reason why these two species differed in color 
changes may be explained by difference in fat content, in which Japanese amberjack is 13.8%, 
and red sea bream 2.0% (Chapter 2). Similar results were found in Llave et al. (2014a) and 
Llave et al. (2014b), difference in fat content leads to distinct browning reaction speed. L* 
values of red sea bream increased until 10 min while that of amberjack rose until 5 min, which 
means color change of amberjack is faster than that of red sea bream.  
 To have a further comparison of this two kind of fish, color distributions of red sea bream 
and amberjack at 20 min during the grilling process is compared in Fig. 7. It is obvious that 
surface profile of red sea bream tended to have a wider color distribution. It had the low and 


















































































Fig. 7 Color distributions of red sea bream and Japanese amberjack during FIR grilling at 20 min. 
 
3.4 Conclusion 
 16 color tiles were used in the calibration of CVS for grilling apparatus. The best shooting 
condition obtained in calibration was employed in the surface color collection of red sea bream 
and Japanese amberjack. Color distributions were obtained from digital pictures by using the 
PopImaging software. RGB values of the entire fish surface were converted into CIE L*a*b* 
color space using experimental equations. In particular: 
1. Polarizing filter tended to be effective in the CVS for grilling apparatus. An f of 5.6 and a 
shutter speed of 1/40 were observed as the best camera settings in calibration with tiles. 
2. L*a*b* color distributions of entire fish surface were successfully obtain by the image 
processing method.  
3. Comparison of fish with different fat content was conducted. Fish of high fat content tended to 























L* value [-] 




 Latin letters 
a*  red/green (-) 
B      blue (-) 
b*  blue/yellow (-) 
f       lens aperture (-) 
G      green (-) 
L*  lightness (-) 
R      red (-) 
X       mix of cone response curve chosen to be nonnegative (-) 
Xn        X tristimulus value of a specified white object (95.043) 
Y      luminance (-) 
Yn        Y tristimulus value of a specified white object (100.000) 
Z      quasi-equal to blue stimulation, or the short wavelengths cone response (-) 
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Color formation of grilled fish during carbonization 
4.1 Introduction 
 The surface color of food is one of the important characteristics of baked, grilled, and 
broiled products and may be a critical index for consumer acceptance (Onishi et al., 2011). 
Browning, a Maillard-type reaction, occurs at low levels of available water; therefore, it is 
common in dry cooking methods, such as grilling, in which the surface layer is dehydrated. 
Sustained heating of dry surfaces leads to carbonization and is usually accompanied by the 
generation of smoke. In such circumstances, the food surface first turns browns, following which 
it blackens as it burns (Rosenthal, 2003). One of the most obvious disadvantages associated with 
the carbonization of food is the loss in the nutritive value of the proteins in the food; moreover, 
the increase in cooking temperature and time negatively affects the food’s appearance (Broyart et 
al., 1998; Hosseinpour et al., 2013). Excessive heating promotes a series of chemical reactions in 
protein-rich foods such as fish; therefore, the entire grilling process should be controlled by 
selecting the optimal final grilling temperature based on the color and appearance of the grilled 
surface. This study aims to evaluate the effect of surface temperature on color changes during 
the grilling of fish (beginning of the carbonization step) by using a kinetics model and computer 
vision system (CVS) for effective process control in the food industry.  
 
4.2 Material and Methods 
4.2.1 Temperature and color measurement 
 Samples and experimental apparatus were the same as mentioned in Chapter 2. After 
being cut into 4  5  2 cm, red sea bream was grilled by a far-infrared (FIR) experimental 
apparatus until 30 min. Surface temperatures of the samples were measured using a K-type 
thermocouple (  = 0.5 mm) at the center. On the other hand, color changes in the fish surface 
were obtained using a spectrophotometric color difference meter (CDM). Sampling of the grilled 
fish was conducted at prescribed times of 0, 2, 4, 6, 8, 10, 12.5, 15, 17.5, 20, 25, and 30 min. For 




Besides, computer vision system (CVS) was employed to acquire the entire surface color at 
each 30 s interval during the grilling. The lamp (60 cm long) was situated 20 cm above the 
sample and at an angle of 45° (Fig. 1). A color digital camera (CDC, D5100, Nikon, Japan) was 
located transversely over the background at a distance of 38 cm length and 22 cm height. The 
angle between the camera lens and axis of the lighting source was 15. Calibration and image 




Fig. 1 Diagrammatic representation of the image acquisition system. 
 
4.2.2 Microscopic inspection of surface structure 
 After grilling for 30 min, the cross-sections (CSs) of the surface samples were collected and 
hardened at room temperature (25 °C). Then, the CSs were embedded and coated on an epoxy 
resin to provide a protective cover for cutting. The CSs were then mounted on glass slides 
without polish. The unpolished surfaces of the slabs were kept free of dust prior to the 
examination under a digital microscope (VHX-1000, Keyence, Japan). An x100 lens was used 





4.2.3 Theoretical models 
Assuming that an original substance P (reactant P) is transformed into a charred substance C and 
smoke substance G of amount “a” on heating (Eq. 1) and that the production rate of C is 
proportional to the remaining concentration of P, the reaction rate can be expressed by Eq. 2: 
 
                     P         C + aG                 (1) 
 













 1       (2) 
where CP, CC, and CG are the concentrations of P, C, and G, respectively, and k is the rate constant. 
Assuming that there is no G initially and that all of P changes into C, the initial and final 
concentrations are expressed as follows: 
Initial conditions: 
 
CP = C0, CCi = CGi = 0         (3) 
Final conditions: 
 
,0PfC    ,01 CCa Cf     CP CaCC  10      (4) 
 
where subscripts i and f represent the initial and final values, respectively, and C0 is the total 
concentration of P plus C and G. When CC increases from CCi to CCf, the sample darkens, i.e., L* 
decreases from L*i to L*f. Assuming that the decrease in L* is proportional to the concentration of 























       (5) 
 





           (6) 
            
64 
 












Zk aexp          (7) 
 
where Z is the pre-exponential factor, Ea is the activation energy during the carbonization, 
and R is the gas constant. The pre-exponential factor and activation energy were evaluated using 













 exp         (8) 
    
Thus, when the pre-exponential factor and activation energy are given and the experimental 
time-temperature information is used, Y can be calculated by the numerical integration of Eq. (8). 
 
4.3 Results and discussion 
4.3.1 Surface color changes of fish samples 
 Fig. 2 shows the 2D pre-processed images, obtained by the image segmentation technique 
described above, of the fish surface after 10, 14, 18, 22, 26, and 30 min of FIR heating. The 
non-uniform color gradually changed from a plain brown to a dark black color. The non-uniform 
black color may be attributed to the low fat content and heterogeneous temperature distribution of 
red sea bream during grilling (Llave et al., 2014). After 6 min of grilling, black spots were 
observed on the upper surface of the sample as a result of the carbonization because of the highest 
temperature existing at these positions. The black spots were formed because of dehydration and 
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Fig. 2 Surface color changes of red sea bream during the last step of FIR grilling. 
 
4.3.2 Surface structure of grilled fish at the initial stage of carbonization 
 The structure of the sample surface at the end of the grilling was evaluated by microscopic 
inspection. For example, the results of the final point of grilling (30 min) are shown in Fig. 3. 
Three typical structures were observed because of the effect of local chemical reactions on the 
local temperature. Each of them shows a different final surface temperature (n = 5): 200-220 C 
(A), 170-200 C (B), and 150-170 C (C). This heterogeneous temperature distribution was 
responsible for the non-uniform surface color distribution, particularly for the samples with a low 
fat content as in the case of red sea bream used in this study. This explains the different surface 
structure observed by the microscope, confirming three different steps of the carbonization in the 
same sample surface. 
 


















Fig. 3 Typical surface structures of grilled fish observed after 30 min of FIR grilling. 
 
4.3.3 Estimation of color changes of fish sample surfaces 
 The carbonization kinetic model is based on the gradual change from substance P to C, as 
shown in Eq. (1), which shows the formation of high molecular weight (HMW) melanoidins, as 
colored products that are formed by the polymerization of low molecular weight (LMW) 
melanoidins. LMW melanoidins are Maillard reaction intermediates, such as furans, pyrroles, 
pyrrolopyrroles, and/or their derivatives, in the later stage of the reaction (Hayase et al., 2006). 
 As shown in Fig. 4, the data after browning (at temperatures >150 C) are plotted to compare 
the trajectory of color changes because the grilling induces the carbonization in the last step. 
Two-dimensional projection drawings of the a*-L*, b*-L*, and b*-a* planes are shown in these 






color values, shown by a solid black line. To estimate the values of a*c and b*c, the following two 
empirical equations were used: 
 
        at 20 ≤ L*c ≤ 30 (9) 
 
   at 20 ≤ L*c ≤ 30 (10) 
 
where L*c was obtained from the Ea (3.7 ± 0.02 KJ mol
1
) and Z (3.91E1 ± 0.0003 min1) of the 
reduction rate of the L* values of red sea bream during the last step of grilling, as controlled by 
the carbonization. 
As shown in Fig. 4, a good approximation of the measured data was obtained using the 
calculated values in all the cases. Thus, when the calculated L*c value decreases, the a*c and b*c 
values change simultaneously according to Eqs. (9) and (10), respectively. The relationship 
between the measured values of a* and b* (solid line, Fig. 4C) confirms the results shown in Figs. 
4A and 4B. The Ea and Z were found to be extremely smaller than those values of the preliminary 
steps of grilling (Matsuda et al., 2013), probably because the kinetic parameters were obtained 
from the base of the occurrence of browning. Therefore, after the browning is completed, 
carbonization can occur with very slight activation energy. Similar small kinetic parameters were 
reported by Hosseinpour et al. (2013) for the carbonization step during the drying of shrimp. 
As shown in Fig. 5, to estimate the changes in color, the samples were grilled over 30 min, 
and the results were combined with those reported previously by Chapter 2. Thus, the analysis of 
the changes in color on grilling for longer times extends the scope of the previously reported 
results obtained for 8 min of grilling. During this stage, the muscle appearance became darker and 
darker as the surface temperature increased. The color profile of L* gradually reduced from 30 to 
20 was also observed, a final value at which the L* value seems to reach equilibrium instead of 
increasing the surface temperature. The color values of a* and b* slightly decreased in a similar 
rate as the heating proceeded until reaching an equilibrium value of 0. No significant difference 
(by one-way ANOVA, p >0.05) was observed between a* and b* values at this stage. Onishi et al. 
(2011) reported similar results for white bread during baking. They observed that in the case of 
67.56)*(90.3)*(102.5* 22   ccc LLa
71.54)*(68.3)*(1074.4* 22   ccc LLb
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baking, the L* value decreased with increasing baking time and appeared to reach a constant 
value at a certain level depending on the oven air temperature. 
The relationship between the color changes and surface temperature shows that the 
carbonization step begins at a temperature close to 150 C. Similar results were reported by 
Matsuda et al. (2013) using red sea bream, and Wang et al. (2011) for the case of bread, coffee 
roasted malt, cocoa and biscuits, respectively. Although the reduction in the colors at the 
carbonization step was not pronounced as the previous steps, the variable surface temperature 
process as shown in Fig. 5 confirmed the relevance of surface temperature on the darkening (Fig. 
2). In addition, as shown in Fig. 5, the calculated L*c, a*c, and b*c values agreed well with the 
respective measured values. Therefore, when L*c decreases, a*c and b*c change accordingly, 
even though it was also observed that the heating rate accelerates or decelerates the color 
changes. 
 Although the color changes during the grilling was successfully estimated by the kinetic 
model based on the surface temperature measurement and validated with experimental color 
values obtained using CDM, it is important to develop a more practical, less time-consuming, and 
cost-effective method for the analysis of the color changes. Moreover, CDM provides average 
values of the color changes of small areas of the sample; thus, many locations must be measured 
to obtain a representative color profile. Furthermore, the global analysis of the food’s surface 
becomes more difficult. Therefore, CVS, a potentially fast, non-invasive, and inexpensive 








Fig. 4 The relationship between a*-L* (A), b*-L* (B), and b*-a* (C). Solid line represents the 
















































Fig. 5 Comparison of calculated and measured L*a*b* values during the entire grilling. Dashed 
lines represent the surface temperature profile. Filled dots represent the measured values (1, 
reported by Chapter 2), and empty dots represent the measured values (2, found in this study). 
 
4.3.4 Effect of surface temperature on carbonization using CVS 
 Using the same camera settings defined at the calibration step of CVS, the effect of 
temperatures, 160, 180, and 200 C, on the color changes of the sample surfaces was analyzed 
using the CVS (Fig. 6). In difference of the results shown in Fig. 5; the starting point of 
carbonization under all the conditions was 10 min. At this point, an L* value of 35 was obtained 
instead of 30. The L* values significantly decreased at high temperatures than at low 
temperatures. However, no significant difference (by one-way ANOVA, p >0.05) was observed 
between 180 and 200 C during this step of grilling, thus ending both the processes with an L* 
value of 22.5. At this precise point, vigorous carbonization on the sample surfaces occurred. In 
contrast, for the grilling conducted at 160 C, even when the process was allowed to proceed for 
30 min, the final L* value decreased to a value just below 27, a point at which the final surface 
color was not at all black, with some additional brown spots observed at the same time. 
Additionally, due to the model has been built based on the knowledge of the initial and final L* 
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color. Thus, these parameters govern the final point at which the model simulated the reduction 
in L* value. Although the observed final L* value, which is below 30 in all cases, makes us 
think that carbonization was done; results in Fig. 6 confirmed us that to obtain the charred 
condition is necessary temperatures above 180°C to complete the carbonization of fish samples 
during grilling under the conditions explained here. 
 The use of higher grilling temperatures provided more energy available for the Maillard 
reaction, and thus the color degradation was accelerated. Similar results were obtained by 
Hosseinpour et al. (2013) for drying shrimp. Most of the microscopic structures obtained with the 
controlled surface temperature of 160 C (not shown), showed a structure similar to “C” in Fig. 3. 
This confirmed the effect of heating temperature on the surface structure and color changes, 
providing a reason to maintain the surface temperature as low as possible during grilling. 
 Fig. 6 also shows the comparison of estimated values by the CVS and kinetic model (K.M.). 
The results agree well even though the surface temperature profiles were different to that used for 
estimating the kinetic parameters. In addition, the results were also compared to the measured 
values obtained using CDM at certain steps. Thus, for example, at the end of the grilling (30 min), 
no significant difference (by one-way ANOVA, p >0.05) was observed at high surface 
temperatures (180 and 200 C) between the CVS and CDM measurements and between both the 
grilling temperatures on the final L* values; however, at a low surface temperature (160 C), a 
very small difference of 3.5 ± 1.1 C (mean ± standard deviation) was observed between the CVS 
and CDM measurements. Iyota et al. (2013) using sliced bread, reported that from the color 
measurements aspects, the acceptable color difference will be less than 5, because 5 in the 
L*a*b* system is equivalent to 0.5 in the Munsell color system, which is a commonly used 
system for the visual evaluation of color. These results justified the use of CVS for determining 








Fig. 6 Changes in L* values during carbonization using CVS. Color profiles obtained using 
computer vision system (CVS) and kinetics model (K.M.).  
 
4.3.5 Estimation of surface color distribution using CVS 
 To account for the all-round distribution of color on the surface at each time interval, a CVS 
technique was employed at different time intervals during the FIR grilling of red sea bream (Fig. 
7). The distribution in the ranges of L* values gradually moved towards lower values according 
to the progress in the grilling time, thus confirming that the surface first browns and then blackens 
as it burns gradually. Moreover, after 18 min grilling time, the maximum L* values in all the time 


























Fig. 7 Comparison of the surface distribution of L* values of red sea bream at several grilling 






















































































































































 The present study focused on the analysis of the last step of grilling known as carbonization 
formation. A new kinetics model was developed for the estimation of carbonization formation. 
Moreover, a computer image as well as a microscopic inspection of the entire sample surface 
were used to analysis the color changes.  
 Conclusions of this work can be summarized as follows: 
1. Color changes were appropriately estimated during the last step of grilling known as the 
initial stage of carbonization formation. The reduction in the L*c value was successfully 
calculated using the surface temperature and estimated kinetics parameters. Additionally, a*c 
and b*c values were calculated using empirical equations. 
2. At the initial stage of carbonization formation during grilling of fish, the L* values of the 
surfaces tended to decrease with longer grilling time. This appeared to reach a constant value 
at a certain level depending on the oven air temperature. 
3. Entire color distributions of fish samples were obtained using CVS. The distribution of L* 




















a      amount of substance G (mol) 
a*  fish surface color position on red/green axis (-) 
b*  fish surface color position on blue/yellow axis (-) 
C  concentration of non-denatured protein (mol/g) 
C0       total concentration of P plus C and G (mol/g) 
Ea  activation energy (kJ ∙ mol
-1
) 
k   rate constant of reaction (min
-1
) 
L*  fish surface color lightness (-) 
R  molar gas constant (J ∙ K-1 ∙ mol-1) 
t  grilling time (s) 
T  surface temperature (°C) 
Y      non-dimensional factor (-) 





c      carbonization 
f      final 
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 Chapter 5 
Visualization of color distribution during entire grilling process 
5.1 Introduction 
Nowadays, grilled fish has been regarded as a popular dish used in box lunch that raised the 
requirement of a large scale manufacture. In addition, from the fact that “we also eat with our 
eyes”, color of food surface is considered the first quality parameter evaluated by consumers. 
However, it is extremely difficult to control surface color changes to obtain uniform sensory 
quality since the color changes during grilling process are very complicated.  
Generally, color changes during the grilling process comprise 4 steps: (1) protein 
denaturation, (2) water evaporation, (3) a browning reaction, and (4) a carbonization reaction. 
In previous works, the browning formation on fish surface was modeled according to the 
changes in color intensity (Nakamura et al., 2011; Matsuda et al., 2013; Llave et al., 2014a). 
Chapter 4 investigated the color formation during carbonization. All these studies have laid a 
foundation on kinetics models for color estimation. Besides, a 2D computer imaging model for 
browning color visualization was developed by Llave et. al (2014b). On this basis, this study 
aims to estimate the color distribution during browning and carbonization and use this 2D model 
to visualize the color formation on the upper surface of fish. 
 
5.2 Material and Methods 
5.2.1 Materials 
 Red sea bream (Pagrus major) was used as samples in this study. This fish species was 
chosen because they are commonly used for grilling. It was purchased from a fish market on the 
day of the experiment. The skin and bones were removed and the ordinary muscle of the fillets 
was cut into 3 × 4 × 1.5 cm samples for all experiments. The samples were wrapped in wrapping 






5.2.2 Experimental conditions 
 Experimental grilling apparatus used in this part of study was the same as the one in 
Chapter 2. The samples were positioned approximately 8 cm below the heat source. The FIR 
heater was warmed up 30 min before starting the experiment and the radiation energy was 
measured three times during the grilling process. The FIR heater was adjusted to 420°C and the 
temperature at the sample point was confirmed to be 240 ± 1.8°C during the entire grilling 
process. The radiation energy, measured by a radiation sensor (RF30 Captec, Villeneuve d’Ascq, 




 (with a standard deviation of 1.9%).  
 
5.2.3 Construction of a 2D model for simulation of browning color  
 To construct the 2D visualization model, the steps presented in Fig. 1 were followed. 
 Surface temperature distribution The surface temperatures of the samples were measured 
using a K-type thermocouple (ϕ = 0.5 mm) at the center position. For details of the measuring 
method, please refer to Chapter 2. Then the surface temperature profile of the center position 
was used to build the whole surface temperature distribution using the following equation: 
 
 acs RTyxT  0.1),( ,
       (1) 
where Ts (x, y) is the surface temperature of each point, Tc is the measured temperature history at 
center position of the sample surface, α is the magnification function, and Ra is the normal 
random number. The α function was evaluated in the range of α ≥ 0 at 0.005 intervals; while the 
Ra function was -5 ≤ Ra ≤ 5.  
 Initially, the simulated browning color formation on the surface of the sample could not be 
visualized because the whole sample surface automatically received the same temperature from 
the beginning of the process. For this reason, a noise load (randomization) function was included 
on the surface of the model to simulate the heterogeneous temperature distribution behavior, 
observed particularly in low fat samples, such that normal random numbers, generated by Excel, 
were incorporated into the surface temperature profile for each coordinate.  
 A noise (magnification) function was also used to deal with the non-uniform browning of the 
sample surfaces. In order to adjust the magnification function of the calculated surface 
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temperature distribution, it was compared to the measured surface temperature distribution 
profile collected by an infrared (IR) thermographic camera (TH7102WV, NEC San-ei 
Instruments Ltd., Tokyo, Japan) with a resolution of 0.06°C (at 30°C) and an accuracy of ±2
o
C.  
 Thermographic analysis To adjust the calculated temperature distribution profiles, the fish 
sample surface temperature distribution was collected each minute using an IR thermographic 
camera placed over the sample model at a 45° incline with an emissivity value εj = 0.95. 
Thermographic images represent the spatial temperature distribution of surfaces based on 
measured infrared radiation (Tanaka et al., 2007). The IR thermographic camera was calibrated 
at surface temperatures ranging from 110-150°C by using calibrated optical fiber sensors. The 
surface temperature profiles were similar, with a variation of ± 0.6°C in the worst case. When 
comparing the whole profile, the mean of the absolute values of the relative error ( RE ) was 
1.02%, with a standard deviation (SD
RE
) of 0.43%. The method for evaluating the error was 
described in detail by Llave et al. (2012). This led to the conclusion that the surface temperature 
profile of the grilled fish could be determined accurately using the IR thermographic camera. 
From a total of 9,800 collected surface temperature data points, 1,200 data points nearest to the 
center of the sample surface were selected to avoid data points nearest to the external limits.  
 Calculation of the L*, a* and b* values Experimental values of changes in the color values 
on the fish surface were measured using the same apparatus in Chapter 2. Sampling of the 
grilled fish was conducted at 0, 10, 12.5, 15, 17.5, 20, 25, and 30 min.  
 The kinetics theories of carboniazation, used in this study to determine the activation 
energies (Ea) and frequency factors (k0) of the reduction rate of the calculated L*c values of the 
samples, was described in detail in Chapter 4. Parameters of browning reaction were calculated 
using the method introduced in previous studies (Matsuda et al., 2013; Nakamura et al., 2011). 
Using these theories, color changes was modeled according to the color intensity change and did 
not directly involve chemical compounds. To determine a*c and b*c values, based on the L*c 
values, the empirical equations developed in previous research were used (Nakamura et al., 2011; 






     at 30 < L*c < 37 (2) 
  
     at 30 < L*c < 37 (3) 
Carbonization reaction: 
                 at 20 ≤ L*c ≤ 30 (4) 
            at 20 ≤ L*c ≤ 30 (5) 
where L*c was obtained from the Ea and k0 kinetic parameters during grilling (Table 1). 
 
 Conversion of the calculated color values from L*, a*, and b* to R’G’B’ In order to 
analyze the color values by 2D computer simulation, it is necessary to convert the L*c, a*c, and 
b*c values of the CIELAB color space (hereafter called the L*c, a*c, and b*c values), into R’G’B’ 
values that can be better manipulated on a display color. Brosnan and Sun (2004) and Du and Sun 
(2004) explained the advantages of analyzing each pixel of the entire surface of the food and 
quantifying surface characteristics and defects by using R’G’B’ values. To perform the color 
system conversion, it is necessary to convert the data using three steps:  
(1) L*c, a*c, and b*c to CIE XYZ 
 The L*c, a*c, and b*c values are based on the intermediate system CIE XYZ, which simulates 
human perception. Later, they are converted into RGB values. The following equations were used 
to convert L*c, a*c, and b*c into XYZ (Pascale, 2003):  
For L* > 8.0: 
       (6) 
                        (7) 
,       (8)
 
2.54)*(48.4)*(107.8)*(1084.4* 2234   cccc LLLa
4.141)*(02.8)*(1014.1)*(1076.4* 2134   cccc LLLb
67.56)*(90.3)*(102.5* 22   ccc LLa














































where Xn = 95.047, Yn = 100, and Zn = 108.883 corresponds to the XYZ values of standard 
illuminants in the CIE1931 system (D65 reference white). To normalize the color coordinates, the 
standard illuminants’ coordinates are used as well as applying a 3 exponent to the ratios, which 
corresponds to the non-linear perception, i.e. dynamic range compression, of the eye subjected to 
increased luminance (Pascale, 2003).   
 
(2) CIE XYZ to sRGB 
 To obtain the sRGB triads, the following three-by-three matrix transformations for the D65 
illuminant and a 2° standard observer (Pascale, 2003; Wyszecki and Stiles, 1982) were performed 
using the recommended coefficients by the Rec. ITU-R BT.709-5 (2002), an International 
Telecommunication Union recommendation that defines the image format parameters and values 




           (9) 
 
 After this operation, the sRGB coordinates of the illuminant were (100, 100, 100). All sRGB 
triads were rescaled at this point (divided by 100) and the illuminant coordinates became (1, 1, 1). 
Results greater than one or less than zero were clipped at one and zero respectively. Pascale 
(2003) claimed that for critical work, the series ITU-R BT.709 (sRGB) recommendations should 
be used if the images are to be distributed and viewed using unknown displays. Mendoza et al. 
(2006) also used the recommended ITU-R BT.709-5 coefficients in opposite way from sRGB to 
CIE XYZ. They claimed that the ITU-R BT.709 recommendation specifically describes the 
encoding transfer function for a video camera that when viewed on a “standard” monitor will 
produce excellent image quality.      





















































(3) sRGB to R’G’B’ 
 The sRGB values were transformed to the nonlinear R’G’B’ values using the following 
transformation method recommended by Pascale (2013):  
 
                (10) 
where γ for sRGB is 0.45.  
 These equation are similar to the reported by Larraín et al. (2008) and Mendoza et al. 
(2006), who used Eq. (8) in opposite way, thus they transformed R’G’B’ into sRGB. 
 In Eq. (8), the terms were added to scales and the values rounded to the nearest integer 
between zero and 255. This scale corresponds to 8 bits per primary, a 24-bit color system. For 
computer generated images, a simple gamma (ᵞ) correction is necessary for sRGB. This value is 
usually 0.45 (1/2.2) for sRGB, a space used only by Windows-based computers. In this way, 
R’G’B’, the gamma corrected coordinates, were obtained. 
 
 Construction of the 2D model The FEMAP software (10.2, NeiSoftware, USA) was 
employed to construct the model, selecting the appropriate shape, size, and mesh of the sample. 
Although 3D images are presented lines below, the browning color formation was evaluated at 
the upper surface only, and therefore, the analysis of browning was simulated in 2D only (X and 
Y axes). A sample model of a 4 × 3 × 1.5 cm slab shape was used for all experiments and is shown 
in Fig. 2. The X, Y and Z directions were divided using a mesh spacing of 5 mm, which results in 
an 8 × 6 × 3 mesh. The R’G’B’ color data were fed into the model, positioning the values at the 
meshes. Workstations used in this study have a quad-core processor (CPU speed = 2.83 GHz, 
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Table 1. Comparison of kinetics parameters, Ea and k0, for the reduction rate of the L* 
values of the fish species during grilling using FIR heating. 
 
Kinetics parameters Browning reaction Carbonization reaction 
Ea [kJ mol
-1
] 50.7 3.7 
k0 [min
-1
] 2.86E+05 3.91E-01 
 
 
Ea: activation energy; k0: frequency factor; 
*
Mean ± standard deviation of the kinetics parameters 

















5.3 Results and discussion 
5.3.1 Estimation of the surface temperature distribution 
 The upper surface temperature distribution profile for red sea bream was estimated from a 
single collected temperature profile, as explained above, at all time steps. Then, the temperature 
distribution was modified and adjusted for the special behavior of each fish sample by 
customizing using an α function for fine tuning. The mathematical correction procedure 
conducted in this study made it possible to obtain a similar temperature distribution profile as the 
upper surface temperature distribution profile collected by the use of the IR thermographic 
camera. 
 Fig. 3 shows the result of the comparison of IR thermographic camera and the estimated 
profile. The best agreement of the profiles with a lower relative error ( RE ) were obtained for α 
values of 0.11 as the mean values. The mean of the absolutes values of the RE  between the 
profiles was 5.7%, with a standard deviation (SD
RE
) of 0.12%. For more details on the error 
determination, refer to Llave et al. (2012). 
 The results showed a wider frequency temperature in the range of 130-240°C and a smaller 
peak temperature at 180°C. These differences justified the use of the magnification function in Eq. 
(1) to deal with the different intrinsic behavior of the fish species that show changes in local 
temperatures due to the shrinkage phenomenon as explained by Braeckman et al. (2009) and 
Llave et al. (2014a). Moreover, the randomization of the surface temperature profiles by the Ra 
function was necessary to deal with the temperature equilibrium behavior observed on the upper 
surface, after several minutes of simulated heating. Since the thermographic technique is a fast 
online method of analyzing a temperature distribution that gives the full thermal landscape (Björk 






Fig. 3 Comparison of the whole surface temperature distribution profile between the profile 
measured using the IR thermographic camera and the profile estimated using Eq. (1), after 6 min 
of FIR heating.  
 
5.3.2 Estimation of the surface color distribution 
 The previously obtained entire temperature distribution on the upper surface was used to 
calculate the L*, a*, and b* color formation. Color profile at each position was calculated by the 
temperature history of the same point. Kinetic models of browning reaction and carbonization 
reaction were used in the color estimation. 
    At the beginning of grilling process, L* values of red sea bream increased. After that, the 
surface became browner and browner then blackens as it burns gradually. It showed a wide 
range of color distribution and had the low and high L* values at the same time. This calculated 
result shows the same tendency as the measurement color distribution by CVS (Chapter 3). 
 Fish grilling causes a mass transfer of water from the surface by evaporation due to the 
elevated temperatures used during the process. This dynamic process changes the flat surface to a 
curved surface, a phenomenon known as the shrinkage effect, and thus their initial flat surface 
topography (obtained in sample preparation) may not remain homogeneous. The irregular 
undulations on the surface not only disturb the direction and distribution of the reflected light 



























 Thermal processing causes the release of free water in muscles, which then evaporates and 
causes a further decrease in moisture levels on the surface of the product. This drying is 
influenced by the initial moisture content of the samples. Decreasing the moisture content 
decreases the color lightness of the samples, whereas other color parameters are increased 
(Hosseinpour et al., 2013). Similar results were obtained in this study. The moisture content 
values were 0.75, 0.74, 0.72, 0.72, 0.72, and 0.70 (kg/kg-muscle) for the entire sample, whereas 
for the surface position obtained from the external 1 mm of the crust portion were 0.75, 0.71, 0.66, 
0.63, 0.56, and 0.43 (kg/kg-muscle) at 0, 2, 4, 6, 8, and 10 min, respectively. For details of the 
moisture content determination please refers to Llave et al. (2014a). These browning 
characteristics of grilled samples, strongly dependent on the moisture content, are relevant when 
constructing a model.  
 
5.3.3 Simulation of browning color by a 2D visualization model 
 L*c, a*c, and b*c values were converted into R’G’B’ values using the equations presented 
above. Then, to construct the visualization model, the R’G’B’ values were plotted into the 
FEMAP software.   
Figure 4 shows the comparison of digital pictures and the simulated browning color 
formation on red sea bream at several time steps. Surface color change of fish was estimated 
during grilling process from its raw state until the surface temperature exceeded 300°C. The 
surface temperature was measured and photographs were taken at nearly constant time intervals. 
The results show a good approximation of the model to the photographs at any sampling period. 
To relate the color formation visualized by the model to the photographs (known as color 
matching), a final assessment was conducted on the color pattern of the inscription to deal with 
the color change range observed during entire grilling process by the simulation. These color 
changes are recognized from a very pale white color at the beginning of the browning process 
(just after the protein denaturation reaction is finished) changing to a blackened color at the end 
of the browning formation and at the same time as the start of the carbonization reaction. For this 
purpose, the final color range using R’G’B’ values, obtained as a consequence of the color 
transformation, were inserted into the FEMAP software. Thus, the default color range of the 
inscription was modified for better visualization of the color reproduction. This final adjustment 
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of the color reproduction is a necessary step (Valous et al., 2009) that is usually followed by an 
image analysis using a computer vision system (CVS). Several authors (Brosnan and Sun, 2004; 
Du and Sun, 2004; Hutchings et al., 2002; Larraín et al., 2008; Leon et al., 2006; Mendoza and 
Aguilera, 2004; Mendoza et al., 2006; Valous et al., 2009) have reported that CVS can be an 
efficient tool for determining the color of food surfaces. However, in order to objectively 
measure color and to accurately detect color features in food products using CVS, color 
characterization as well as evaluation of the reproducibility of the camera’s sensor are essential 
steps in the implementation of any CVS, because color information captured by digital cameras is 
device dependent (Valous et al., 2009). Moreover, in the case of bio-processing, as in the present 
study, the complexity becomes more pronounced because of the heterogeneity of biological 
materials, which indicates different exclusive characteristics under processing activities even 
under the same operating conditions (Nazghelichi et al., 2011). These problems are overcome by 
the method described in this study.  
The uniformity of the surface color described above was satisfactorily simulated by the 
developed 2D model. These results are in agreement with the results presented in Fig. 3, in which 
red sea bream exhibited an inhomogeneous surface temperature distribution. After 6 min of 
grilling, black spots were observed on the upper surface of the red sea bream as a result of the 
carbonization reaction, and it was concluded that this was a consequence of the highest 
temperature existing at these positions. Therefore, the white spots observed at the same time 
represent positions of lowest temperatures.  
Because the CIELAB color space is recognized as most appropriate for representation of 
surfaces or materials with natural curvatures and undulations (Mendoza et al., 2006), its use, 
combined with the browning kinetic model in the present study, improved the prediction 
accuracy of the 2D model. Hosseinpour et al. (2013) and Leon et al. (2006) claimed that the L*, 
a*, and b* color space gives a more uniform distribution of color and their results match human 
perception more closely. Similar results were found here. Moreover, the conversion into R’G’B’ 
values permits better manipulation of the data by computer simulation of the upper surface color, 


















Fig. 4 Comparison of photographs and 3D images of browning color formation of red sea 
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 Effective visualization of the color formation on grilled fish is a necessary challenge in line 
with the demand for enhanced food quality. The present study focused on the development of a 
computer 2D imaging model to simulate the entire color formation on fish surfaces during 
grilling. The model used R’G’B’ values obtained from L*, a*, and b* values, by a sequential 
mathematical transformation through intermediate color spaces. These L*, a*, and b* values 
were previously predicted from the kinetic model based on a single measurement of surface 
temperature profile at the center position during grilling. An empirical equation was used to 
estimate the temperature distribution of the entire upper surface. To improve the visualization, 
mathematical noise functions were included to fine-tune corrections in the temperature 
distribution. Finally, the FEMAP software was used to build a 2D model and simulate the 
browning and carbonization color formation as temperature increases during grilling. The 
following conclusions can be reached: 
1. A single temperature profile from the center of the upper surface of the samples can be used 
to accurately simulate the entire upper surface color distribution by the appropriate use of the 
mathematical technique explained here. 
2. The randomization and magnification noise functions of the temperature distribution of the 
upper surface sample can be treated accurately through the simulation of color formation. 
3. Transformation of L*, a*, and b* values to R’G’B’ color coordinates permits an accurate and 
reliable simulation of the color formation on fish samples during grilling. 
4. The black spots observed on the surface of some fish species because of water evaporation as 
well as the impact of the shrinkage phenomenon during the grilling process were 












a*  fish surface color position on red/green axis (-) 
b*  fish surface color position on blue/yellow axis (-) 
Ra  normal random number (-5 ≤ 𝑅𝑎 ≤ 5) 
L*  fish surface color lightness (-) 
Ts  calculated surface temperature (°C) 
Tc        measured surface temperature (°C) 
Ea  activation energy (kJ ∙ mol
-1
) 
k0      frequency factor (min
-1
) 
R      red (-) 
G      green (-) 
B      blue (-) 
X       mix of cone response curve chosen to be nonnegative (-) 
Y      luminance (-) 
Z      quasi-equal to blue stimulation, or the short wavelengths cone response (-) 
 
Greek symbol 
 𝛼   heating rate (C ∙ min-1; 𝛼 ≥ 0) 
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 This study estimated the surface color changes of fish during entire grilling process and 
visualized the color formation through a 2D simulation. All the reactions were modeled 
according to the color change intensity and did not directly involve chemical compounds. 
Works done in this thesis could be concluded as follows: 
 In Chapter 2, surface color changes of fish during the beginning of grilling were estimated 
from the kinetics analysis of protein denaturation. Kinetic parameters for estimating protein 
denaturation were calculated according to the measurement of DSC. Myosin, actin and the total 
non-denaturation degree were predicted and effectively correlated with the experiment values. 
Measured L* values increased during the heating process and they tended to have two 
inflections which caused by the denaturation of myosin and actin. Calculated L* values were 
obtained with appropriate combination of protein fraction of myosin and actin (0.70-0.30, 
respectively). They showed good agreement with the measured values. Empirical equations for 
estimating a* and b* values were obtained and showed fairly good agreement with the 
measured color values. 
 In order to acquire entire color distribution and save processing time and cost, a novel 
technology, CVS, was applied in Chapter 3 to collect upper surface color changes during 
browning reaction. Polarizing filter was proved to be effective in the CVS for grilling apparatus. 
An f of 5.6 and a shutter speed of 1/40 were observed as the best camera settings in calibration 
with tiles. L*a*b* color distributions of entire fish surface were successfully obtain by the 
image processing method. In comparison of browning color distribution on the surface layer of 
two typical fish species, fish of high fat content tended to have homogeneous temperature and 
color formation while that of low fat content showed inhomogeneous distribution.  
 In Chapter 4, color formation of grilled fish during carbonization was investigated by the 
CVS as well as kinetic analysis. Entire color distributions of fish samples were obtained by 
CVS. The distribution of L* values gradually moved towards lower values during the grilling 
process. Kinetics parameters for color prediction were obtained by measured color changes 
during the carbonization reaction using dynamic methods. The reduction in the L* value was 
calculated using the surface temperature and estimated kinetics parameters. Additionally, a* 
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and b* values were calculated using empirical equations. The effect of temperatures on the 
color change of the sample surface was analyzed using the CVS, confirming that the darkening 
can be reduced by grilling at a low surface temperature. 
 All these studies have laid a foundation on kinetics models for color estimation. On this 
basis, Chapter 5 developed a 2D computer imaging model for visual simulation of the 
browning color formation on the upper surface of fish during FIR grilling. A single temperature 
profile from the center of the upper surface of the samples was used to simulate the entire upper 
surface color distribution. Randomization and magnification noise functions were effectively 
used in the simulation of heterogeneous temperature distribution behavior. Surface color values 
were previously predicted from kinetic models established above. Finally, the FEMAP software 
was used to build a 2D model to visualize the predicted color formation as temperature 
increases during grilling. The simulated browning color formation showed a good 
approximation to digital photographs at any period. 
 In conclusion, models of surface color estimation were successfully developed in this 
research. It is the first research that involves entire grilling process including protein 
denaturation and carbonization reaction. Prediction and simulation of grilling process in this 
study can optimize the quality of grilled fish, representing a promising approach to help 
industry to maximize the acceptability and nutritional value of foods, and at the same time, 
reduce grilling time and production losses, thus saving money during manufacturing production. 













 The research up to now has successfully estimated the surface color changes during entire 
grilling process. However, in addition to color, the optimization of sensory quality of grilled 
fish includes several other factors as appearance, taste, and texture. In order to evaluate and 
control the grilling process comprehensively, some assumptions of future studies summed up in 
the followings: 
 Changing in shape of food will influence not only surface color changes but texture and 
other extrinsic attributes, making the modeling of grilling process more complex. When 
water is removed from the fish, a pressure unbalance is produced between the inner of the 
material and the external pressure, generating contracting stresses that lead to shrinkage 
and changes in shape (Mayor, 2004). In order to improve the accuracy and reliability of the 
modeling, shrinkage is desirable to be investigated. CVS method introduced in Chapter 3 
is advisable to obtain the shrinkage ratio during the grilling process. Changes of axes, 
volume and surface area could be captured using the digital images.  
 Being an important phenomenon during the grilling process, water migration is desirable to 
be theoretically analyzed to improve the grilling model. Magnetic Resonance Imaging 
(MRI) method could be used in this study to measure water content profile without 
destruction. Signal intensity could be converted to the water content either by measuring 
the standard sample with the target sample or by using T2 (spin relaxation times) water 
content calibration curve. 
 Based on the above two points, a new model, considering the influence of shrinkage and 
moisture migration, could be built. Finally, this simulation could be combined with the 
results in Chapter 5. The 3D model could simulate the surface color changes, moisture 
transfer and shrinkage during grilling process at the same time. 
 The model developed in Chapter 5 visualized the color formation on the upper surface of 
fish during FIR grilling from browning to carbonization. Since the model can’t express the 
transparency of raw fish, a new model is suggested to be developed to visualize the color 
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